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General Abstract 
 
Parasites can impose fitness effects on host populations: there may be seasonal and 
geographic variation in the interaction as well as over a longer time scale, host-parasite 
cospeciation. I investigate the Leucocytozoa parasites of birds as a model system to try 
to understand the role of diversity of infection, dispersal and scale on the nature of the 
coevolutionary process between the hosts and parasites.  
 
Leucocytozoa had effects on the breeding success of a population of the blue tit, 
Cyanistes caeruleus. Number of infections was important, and old birds infected with 
mixed lineage infections raised broods of significantly lower quality than those infected 
by a single lineage or uninfected birds. There was also evidence for individual lineage 
effects. The parasites showed seasonal dynamics, and overall prevalence followed a 
model previously proposed for the dynamics of avian malaria. Individual lineages 
however, displayed different dynamics; this emphasises the importance of consideration 
of lineage identity. These results may have consequences for the evolutionary dynamics 
of this host-parasite interaction. The geographic context of the Leucocytozoa-bird 
interaction was investigated, and little phylogeographic structuring was found in 
parasite lineages across Europe. Contrary to predictions, the distribution of individual 
lineages followed the abundance-occupancy relationship, suggestive of widespread 
dispersal. At a larger phylogenetic scale I looked for evidence of host-parasite 
cospeciation in this system. There was a strong signal of coevolution due to 
cospeciation in 40% of the host-parasite associations. Migrant hosts harboured 
significantly fewer cospeciating parasites than residents and partial migrants. The 
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implications and potential applications of this type of cospeciation analysis are 
discussed.  
I conclude by suggesting that the bird-Leucocytozoon system is an excellent 
model system for the study of host-parasite interactions, attaining high diversity and 
prevalence in some cases. Furthermore, the role of diversity, mixed lineage infections 
and dispersal are key to our understanding of the evolutionary dynamics of this system. 
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1. General Introduction 
 
There is a large body of work exploring the role of parasites in the ecology and 
evolution of their hosts; (Anderson and May 1978; May and Anderson 1978; Anderson 
1979; May 1979; Ewald 1983; Dobson and Hudson 1986; Anderson 1991; Dobson and 
Hudson 1992; Hudson et al. 1992; Ebert 1994; Thompson 1994; Frank 1996; Lively 
1996; Read and Taylor 2001; Ebert 2003; Page 2003; Lively 2006). It is now well 
established for instance, that parasites may play a pivotal role in the regulation of host 
populations (Anderson and May 1978; May and Anderson 1978; Anderson 1979; May 
1979; Dobson and Hudson 1986; Anderson 1991; Dobson and Hudson 1992; Hudson et 
al. 1992). Similarly, in evolutionary studies, parasites are commonly invoked to explain 
such puzzling phenomena as the maintenance of sex in populations  and sexual selection 
(Jaenike 1978; Hamilton 1980; Lively 1989; Ebert 1994; Lively 1996; Lively and 
Dybdahl 2000b; Koskella and Lively 2007). The overall aim of this thesis is to 
investigate the role of a group of avian blood parasites, Leucocytozoon, at four different 
scales: the population level, geographic, seasonal and phylogenetic.  Here, I will 
introduce the themes that are investigated in further detail in the rest of the thesis, first 
referring to the general theory and data regarding host-parasite interactions, and then 
focusing on research conducted on avian blood parasites per se.   
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1.1 Population regulation and fitness effects 
1.1.1 Single infection 
Ecological theory predicts that a parasite persists in a host population if its basic 
reproductive number R0, or the number of secondary infections arising from a primary 
infection, exceeds unity (the term R0 was first coined by MacDonald 1957) to describe 
malaria dynamics, but was subsequently generalised by Anderson and May (Anderson 
1979; May 1979). Depending on the nature of the host-parasite interaction, a parasite 
with a high R0 will also have high virulence, measured as the reduction in host survival 
due to infection by the parasite (Ewald 1983; May and Anderson 1983), or as the 
severity of disease (Frank 1996, but see Ebert 2003). Theoretical models of the role of 
parasitism in the regulation of host populations have been corroborated by data from 
both the field (Dobson and Hudson 1992; Gulland 1992; Hudson et al. 1992; Hudson 
1998; Gilbert et al. 2000; Coulson et al. 2001; Cattadori 2005) and the laboratory 
(Lively 1989; Taylor et al. 1998; Bell et al. 2006), although in large ecological field 
studies it has often been difficult to measure the direct loss of members of the population 
due to parasitism (but see Dobson and Hudson 1986). A classic example of the role of 
parasites in driving host population dynamics is the long-term field study that showed 
that population crashes of the red grouse, Lagopus lagopus scotticus, were caused by 
annual variation in winter mortality and that this correlated with infection by the 
gastrointestinal nematode Trichostrongylus tenuis (Dobson and Hudson 1992; Hudson 
et al. 1992). Indeed, treatment of grouse populations with antihelmintic further 
increased breeding survival, reduced winter mortality and subsequently led to major 
changes in host population dynamics (Hudson et al. 1992). 
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Given that measuring the direct role of parasites on host population dynamics has often 
been difficult, another approach has been to investigate the effect of parasites on a 
particular life stage of the host, such as breeding, when parasitism may have a 
particularly large impact due to increased energy expenditure and reduced condition of 
the host (Festabianchet 1989; Gustafsson et al. 1994; Norris et al. 1994; Richner et al. 
1995; Oppliger et al. 1996; Allander 1997; Oppliger et al. 1997; Nordling et al. 1998; 
Marzal et al. 2005; Tomas et al. 2007). In a study of the big-horn sheep, Ovis 
canadensis, for example, it was shown that reproducing ewes had higher levels of 
lungworm, Protostrongylus spp, larvae than non-reproducing ones (Festabianchet 
1989). Investment in current reproduction is an energetically costly and risky activity 
and there is a trade-off between investment in current versus future reproduction 
(Williams 1966). When resources are limiting therefore, some may be diverted from the 
current reproductive attempt to the immune system (Gustafsson et al. 1994; Nordling et 
al. 1998). Alternatively, resources from immune function would have to be diverted to 
investment in the current reproductive attempt (Gustafsson et al. 1994).  
 
1.1.2 Effects of individual parasites and multiple infections on reproductive success 
Most studies investigating the role of parasites in breeding populations have ignored 
genetic diversity among parasite lineages and the effects of mixed infections (Norris et 
al. 1994; Richner et al. 1995; Oppliger et al. 1996; Allander 1997; Oppliger et al. 1997; 
Nordling et al. 1998; Dawson and Bortolotti 2000; Deviche et al. 2001; Marzal et al. 
2005; Tomas et al. 2007). It is known however, that different strains and species of 
parasite can have different levels of virulence (Mackinnon and Read 2004). For 
example, Plasmodium falciparum and Plasmodium vivax are known to have very 
different virulence in human hosts (Mackinnon and Read 2004). Despite having 
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received little attention in ecological field studies of host-parasite interactions, mixed 
infections have been of great interest in both theoretical (Nowak 1994; May 1995; van 
Baalen 1995; Frank 1996) and experimental models (Taylor et al. 1998; Read and 
Taylor 2001; de Roode et al. 2005; Bell et al. 2006) and it is thought that they can result 
in the evolution of increased virulence due to within host competition (Taylor et al. 
1998; Read and Taylor 2001; de Roode et al. 2005; Bell et al. 2006). For example, a 
study by de Roode and colleagues (2005) showed that there was a strong association 
between parasite virulence and competitive ability of strains of the rodent malaria, 
Plasmodium chabaudi. More virulent strains were competitively superior in mixed 
strain infections, which in turn affected the transmission dynamics of the strains 
depending on the composition of the mixture. A subsequent mathematical model 
showed that such dynamics could be explained by resource limitation models where the 
host’s red blood cells act as the resource for which different strains compete (Antia et 
al. 2008). Therefore, as within lineage competition could have greater physiological 
effects and result in increased virulence, more ecological studies need to address the 
outcome of infection with multiple genotypes and/or species.  
 
1.2 Seasonality 
Seasonality in transmission of parasites, defined as variation in intra-annual 
transmission, has also been shown to have important effects on the population dynamics 
of hosts (reviewed in Altizer et al. 2006). For example, seasonal environmental drivers, 
such as temperature and precipitation, have been found to interact with nematode 
infection to regulate the population dynamics of the Soay sheep, Ovis aries, in St Kilda 
(Gulland 1992), resulting in the observed winter mortality . In contrast, in red grouse 
populations across Northern England, the interaction between climatic factors in May 
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and July and parasitism of the grouse, by gastrointestinal nematodes, has effects during 
the breeding season, impacting the fecundity of grouse populations in some years and 
forcing separate populations into synchrony (Cattadori 2005). Seasonal effects can also 
be a result of host behaviour (reviewed in Altizer et al. 2006). For example, measles 
outbreaks are correlated to the start of school terms (Fine and Clarkson 1982; Bjornstad 
et al. 2002) and flocking behaviour and aggregation at bird feeders in autumn is thought 
to be the seasonal driver of outbreaks of mycoplasmal conjunctivitis, Mycoplasma 
gallisepticum, in the North American housefinch, Carpodacus mexicanus (Altizer 
2004). In species with seasonal and relatively synchronous breeding, the sudden 
injection of immunologically naïve individuals and subsequent reduction in herd 
immunity can also result in an epidemic (White, 1996; Altizer 2004; Cosgrove, 2008). 
For example, in the North American housefinch-conjunctivitis system, prevalence peaks 
post juvenile fledging (Altizer 2004; Dhondt et al. 2005). Similarly, in vector-borne 
parasites, seasonality in transmission could arise due to climate sensitivities of the 
vector which can influence vector abundances (Aron 1982; Hay et al. 2000). This has 
been shown to be the case in epidemics of human malaria and dengue (Aron 1982; Hay 
et al. 2000). 
 
1.3 Biogeographic patterns 
In addition to seasonal variation in parasite abundance, there can also be biogeographic 
variation in host-parasite ecological and evolutionary dynamics (Thompson 1994; 
Thompson and Cunningham 2002; Thompson 2005). For a parasite to persist in a 
population, there must be a sufficient number of susceptible competent hosts and 
contact opportunities between hosts in order to enable transmission events (Anderson 
and May 1979; May and Anderson 1979). If the parasite is vector-transmitted, there also 
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need to be sufficient numbers of competent vectors: and this will be dependent on the 
habitat suitability and population dynamics of the vector (Hellgren 2006). Within a local 
population, theory predicts that hosts and parasites are locked in a co-evolutionary 
arms-race, formally known as the Red Queen Hypothesis (Valen 1977; Jaenike 1978; 
Lively 1996; Lively and Dybdahl 2000a; Koskella and Lively 2007). Providing it is 
virulent, a parasite infecting a host population will exert a strong selection pressure on 
the most common host genotype, which in turn favours rarer host genotypes harbouring 
resistance alleles (Jaenike 1978; Lively 1996; Lively and Dybdahl 2000a; Koskella and 
Lively 2007). As the “resistant” genotype becomes more common, theory predicts that 
parasites respond by evolving higher virulence to the “novel” more prevalent genotype 
and the process carries on in a time-lagged negative frequency dependent manner 
(Jaenike 1978). Support for oscillatory dynamics between host and parasite populations 
has been demonstrated in a range of systems (Lively 1989, 1996; Lively and Dybdahl 
2000b; Koskella and Lively 2007). A recent experimental study of the freshwater snail, 
Potamopyrgus antipodarum, and its trematode parasites, Microphallus spp, showed that 
in a time-lagged treatment where parasites had already been subjected to one generation 
of coevolution with their snail hosts, these parasites were significantly more infective to 
snails than parasites that had not been subjected to one generation of coevolution 
(Koskella and Lively 2007), consistent with predictions from the Red Queen model 
(Jaenike 1978).  
 
Time-lagged tracking of host resistance alleles by the parasite, coupled with shorter 
generation of parasites suggest that parasites should be locally adapted to their host 
populations, and indeed reciprocal transplants in some experiments have shown this to 
be the case (Lively, 1989; Ebert, 1994; Thrall, 2002 but see Kaltz, 1999; Oppliger, 
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1999; Gandon, 2002 and reviewed in Koskella). Theoretical models have suggested that 
migration is essential to the local adaptation processes, as it provides the required 
amount of genetic variability in the parasite population in order for the parasites to track 
the host resistance alleles more successfully (Gandon et al. 1996; Lively 1999; Gandon 
2002a; Morgan et al. 2005). Under this scenario, populations can be considered as 
patches of Red Queen coevolutionary mosaics connected by migration, which in some 
cases can sometimes result in local adaptation (Thompson 1994; Dybdahl 1996; Thrall 
2002). Knowledge of the geographic structuring of parasite populations can also assist 
the understanding of the underlying evolutionary dynamics of host-parasite systems 
(Fallon et al. 2003a, 2005; Ricklefs et al. 2005; Fallon et al. 2006). For instance, the 
human malarial parasite, Plasmodium falciparum has been shown to have a marked 
genetic structure in low transmission areas across South America, and little genetic 
structure in high transmission areas in Africa where there is more outcrossing, 
presumably due to high rates of coinfection (Anderson et al. 2000).  
 
Biogeographic studies of the prevalence of parasites across the range of the host, can 
also be interpreted in a different context. Theory predicts that “a Jack-of-all-trades” 
should be a master of none, due to negative genetic correlations and costs of adaptation 
to multiple environments (Futuyma 1988). This suggests that specialism would be 
favoured over generalism (Whitlock 1996) and therefore, locally adapted parasites 
should be specialised rather than widely dispersed (Futuyma 1988). Alternatively, if 
dispersal rates are high, then the most abundant parasites should also be the most widely 
dispersed consistent with the macroecological phenomenon of a positive relationship 
between range size and abundance (Hanski 1982; Brown 1984; Gaston and Blackburn 
1996; Gaston 2000). In terms of host-parasite interactions, this pattern has been 
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documented in systems where range is measured as host range, for example in studies of 
ectoparasites of small mammals (Krasnov 2004; Krasnov et al. 2005).  
 
1.4 Cospeciation theory 
If parasites and hosts are locally adapted to each other, this would suggest that after 
generations of coevolution, a speciation event in the host would create two host islands 
and this should be followed by allopatric speciation of the parasite (Hafner and Nadler 
1988; Hafner et al. 1994; Hafner and Page 1995). Theory predicts that the phylogenies 
of hosts and parasites should be mirror images of each other, and this is known as 
“Fahrenholz’s rule”, (reviewed in Klassen 1992). In the past, it was thought that this 
rule was so general that parasite taxonomy could be used to infer host taxonomy 
(Kellogg 1913b; Hopkins 1942; Hugot 2003), although even in the early days this 
approach was controversial (reviewed in Paterson et al. 1995). For example, the debate 
reached a peak at a conference in 1957 where parasitologist Gunther Timmermann, 
angered Ernst Mayr who is cited as having said the following:  
 
 … comparative anatomy is something more reliable (than 
comparative parasitology). Two birds can exchange their 
parasites, nothing prevents this, but I have not seen two birds 
exchanging their heads, their wings or their legs. These have 
come down from its ancestors and not another bird that 
nested in a hole right next to it! 
  Ernst Mayr, as cited in (Paterson et al. 1995) 
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Congruence between host and parasite phylogenies has been largely documented 
(Hafner and Nadler 1988; Hafner et al. 1994; Hafner and Page 1995; Page et al. 1998; 
Chen et al. 1999; Page et al. 2004; Hosokawa et al. 2006; Hughes et al. 2007). The text 
book example of a system in which there is strong host-parasite cospeciation is that of 
pocket gophers, from the Geomyidae family, and their chewing lice, Trichodectidae spp 
(Hafner and Nadler 1988; Hafner and Page 1995), whose phylogenies are almost 
mirror-images of each other. Other examples have included birds such as swiftlets, 
Collocallinae spp (Page et al. 1998), procellariform seabirds (Page et al. 2004) and 
pelecaniformes (Hughes et al. 2007) and their chewing lice, endosymbiotic gut bacteria 
and their insect hosts (Chen et al. 1999; Hosokawa et al. 2006) and murine leukemia 
retroviruses and their hosts (Martin et al. 2003). 
 
Mismatches are thought to be due to events such as missing the boat (where parasites 
fail to speciate with their hosts), extinction (where the parasite goes extinct in the host), 
duplication (parasite speciation without host speciation) and host switching (reviewed in 
Page and Charleston 1998; Page 2003) and there are many examples where host-
parasite cospeciation has not occurred (Barker 1994; Page et al. 1996; Desdevises et al. 
2002; Johnson et al. 2002; Clayton et al. 2003; Clayton and Johnson 2003; Weckstein 
2004; Banks et al. 2006). It has been suggested that cospeciation in the pocket gopher-
chewing lice system arises due to the asocial nature of these animals, and therefore the 
lack of transmission opportunities between species (Barker 1994 but see Page et al. 
1996). In more social species, which are known to breed in sympatry and roost together, 
studies have suggested much weaker cospeciation, such as between chewing lice and 
penguins (Banks et al. 2006) or no signal of cospeciation at all, as in chewing lice of 
toucans (Weckstein 2004) and monogean parasites of teleost fish (Desdevises et al. 
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2002). In addition, some work has revealed the importance of adaptive processes in 
cospeciation: for example Clayton and colleagues (2003) showed there was significant 
cospeciation observed between columbid hosts and their feather lice, attributed to 
correlated evolution between host and lice size. The presence of a third group could also 
result in reduction of cospeciation events and it is thought that the reason why some 
wing lice of birds do not cospeciate is due to phoresis, or transportation, between hosts 
from hippoboscid flies (Johnson et al. 2002; Clayton and Johnson 2003).  
 
1.4.2 Methods for testing for cospeciation 
A range of methods have been developed for the study of host-parasite cospeciation 
(reviewed in Page 2003). Brooks’ Parsimony Analysis  (BPA) involves reconstruction 
of the host phylogeny based on characters obtained from the parasite phylogeny 
(Brooks 1981). This method transforms the tree into a set of binary characters and maps 
it onto the tree of the other associate. One of the main criticisms of this method 
however, is that it does not account for the evolutionary relationships among species of 
parasite, although subsequent modifications of this method did invorporate this 
information (reviewed in Page 2003). BPA has been applied to the pocket gopher- 
chewing lice system and found a significant signal of cospeciation (Hafner and Nadler 
1988; Hafner and Page 1995). 
 
 Other methods rely on comparison of tree topologies, for example Component (Page 
1993) and TreeMap (Page 1994a). Such methods test for cospeciation by generating 
random host and parasite trees and testing whether these trees describe the observed 
association rather than the random ones. TreeMap has been applied to copepods 
cospeciating with teleost fish (Paterson and Poulin 1999), doves and their chewing lice 
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(Clayton et al. 2004) as well as penguins and their chewing lice (Banks et al. 2006). 
Other methods, for example TreeFitter (Ronquist 1995) and Jungles (Charleston 1998) 
use event based parsimony approaches, where each coevolutionary event: cospeciation, 
duplication, sorting and switcing is assigned a specific cost structure (reviewed in Page 
and Charleston 1998; Page 2003). Such methods have been used to understand 
cospeciation between penguins and their chewing lice (Banks et al. 2006), teleost fish 
and their monogean parasites (Desdevises et al. 2002) and malaria and their avian hosts 
(Ricklefs et al. 2004). Jungles on the other hand, have been used to understand the 
coevolutionary relationships between malaria and their lizard hosts (Charleston 2003). 
Bayesian, methods have also been employed to understand the nature of host-parasite 
cospeciation (Huelsenbeck 2000). The strength of such methods is that it allows they 
allow the visualisation of the distribution of the posterior probabilities of host 
switching, although a potential problem is that the model of host switching is overly 
simplistic (Page 2003).  
 
Recently, a matrix-based approach called Parafit has been developed to understand 
host-parasite cospeciation (Legendre et al. 2002). Parafit converts the two phylogenies 
into matrices of genetic distance and then transforms these into principal coordinates. 
An association matrix, which describes the links, is used to compute the fourth corner 
parameter, a trace statistic that quantitatively describes the whole association (Legendre 
et al. 2002). As the association matrix is randomly permuted, this produces a set of 
random associations, against which the trace statistic can be tested (Legendre et al. 
2002). The advantages of this method are that they do not rely on the trees being 
completely resolved, they account for multi-host parasitism and also can be tested on a 
large number of associations. This method has been successfully applied to address 
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whether host-parasite cospeciation occurs between teleost fish and their monogean 
parasites (Desdevises et al. 2002) and malaria in birds (Ricklefs et al. 2004), and this is 
the method that is used in this thesis for the analysis of cospeciation. 
  
 
 
General Introduction                                                                                                                                                                               Chapter 1 
 23 
 
 
 
hosts
hosts
parasites
p
a
r
a
s
i
t
e
s
Princ. coordinates
parasites
Presence-
absence
association
matrix
Principal
coordinates
describing
parasite tree
(columns)
Principal
coordinates
describing
host tree
(rows)
4th corner
parameters
to be
estimated
 
Figure 1.1 Details of the Parafit method Host  and parasite trees are converted into principal coordinates and the 4
th
 corner parameter 
is calculated, adapted from Legendre (2002). 
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1.5 The study system 
1.5.1 Avian malaria parasites 
The avian malaria parasites are taxonomically and ecologically diverse (Bensch et al. 
2000; Ricklefs and Fallon 2002; Waldenstrom et al. 2002; Fallon et al. 2004; Ricklefs et 
al. 2004; Bensch 2007) and occur on all continents apart from Antarctica (Valkiunas 
2005). They comprise three genera, Plasmodium, Haemoproteus and the sister genus 
Leucocytozoon. Plasmodium spp are transmitted by mosquitoes, whereas Haemoproteus 
spp are transmitted by biting midges and Leucocytozoon spp. by simuliid blackflies 
(Valkiunas 2005). Plasmodium spp undergo a generation of sexual reproduction in the 
gut of the vector and a generation of asexual reproduction in the red blood cells of the 
host, whereas Haemoproteus spp and Leucocytozoon spp do not reproduce asexually in 
the host blood cells (Valkiunas 2005). All three genera can attain high prevalence in 
some populations, and in some cases have been shown to impose fitness effects on their 
hosts (Atkinson 1991, Norris et al. 1994, Atkinson et al. 2000, ).  
 
Leucocytozoon species, which are the focus of this thesis, are a group of parasites 
closely related to Haemoproteus and Plasmodium and, despite being highly prevalent in 
most avian assemblages worldwide (Valkiunas 2005). Their basic life history however, 
is relatively well known (Figure 1.2). Leucocytozoon spp are of particular interest as 
they have been relatively poorly studied and, as their name suggests, they can infect 
both red blood cells and white blood cells of the host, in contrast to Plasmodium and 
Haemoproteus that can only infect red blood cells (Valkiunas 2005). This could 
potentially result in different clinical effects on the hosts, which in turn could impact on 
the nature of the host-parasite interaction.  
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Figure 1.2 The life cycle of Leucocytozoa parasites of birds. Leucocytozoa parasites 
undergo a sexual phase in the salivary glands of the blackfly vector, Simulium spp, 
where microgametocytes (the male gametes) meet macrogametocytes (the female 
gametes) and fertilisation occurs, forming a diploid ookinete which then enters the gut 
of the fly and undergoes multiple phases of asexual reproduction This results in 
sporozoites, which then infect the salivary glands of the flies via the haemocoele When 
the blackflies bite their avian hosts, sporozoites enter the avian host’s bloodstream and 
invade different tissues such as the parenchymal cells of the liver, endothelial cells of 
the kidney or macrophages. In the blood cells, the parasites develop into micro and 
macro gametocytes and on a cellular level, the host cells become ‘fusiform’ in shape as 
the gametocytes grow, with the nucleus of the host being pushed to the edge of the 
red/white blood cell by the parasite. At this stage, the parasites are infective to vectors 
and the process repeats. Unlike Plasmodium, Leucocytozoon do not undergo more 
stages of asexual reproduction, known as merogony, in the red or white blood cell. See 
Valkiunas (Valkiunas 2005), for further in depth details of the life cycle of 
Leucocytozoon). Figure adapted from http://www.vet.uga 
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1.5.2 Birds as hosts for malaria 
In Chapters 2-4 of this thesis, I focus on Leucocytozoon parasites of the blue tit, 
Cyanistes caeruleus and Chapter 4 also includes parasites sampled from the great tit, 
Parus major. Blue and great tits occupy similar habitats, with their preferred habitat 
being oak woodland, and their range extending across the Western Palearctic (Cramp 
1993). They are largely resident, although at northern limits of their range they are 
known to make ‘eruptive’ movements, mainly to the West and to the South. (Cramp 
1993) They are also characterised by post juvenile dispersal in mixed tit flocks in late 
summer/early autumn (Cramp 1993). They forage in the canopy of mature trees and 
feed mainly on larvae of lepidopteran insect species (Cramp 1993). In Britain, blue and 
great tits lay one clutch a year containing between 4-14 eggs (Perrins 1979). During 
incubation, the female broods and the male provides her with food and upon hatching, 
both adults feed the young. Chicks remain in the nest for approximately 16-20 days 
(Perrins 1979). These two species of tit are a popular model study system in studies of 
ecology and behaviour because they are abundant, readily nest in boxes and can 
therefore attain high densities. They are also fairly resilient to human handling and do 
not tend to abandon the nest when disturbed. They also readily respond to tape lures and 
food, so making them easy to catch at most times of year.  
 
1.6 Effects investigated in this thesis 
1.6.1 Fitness effects of avian malaria 
The fact that the avian malaria parasites can potentially exert selection pressure on the 
host population (Atkinson 1991; Atkinson et al. 2000) is important in the context of my 
work. Brood size manipulation experiments have shown that increased reproductive 
effort can result in higher intensity and prevalence of infection by avian blood parasites, 
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such as Haemoproteus, Plasmodium and Leucocytozoon (Richner et al. 1993; Norris et 
al. 1994; Oppliger et al. 1994; Richner et al. 1995; Oppliger et al. 1996; Allander 1997; 
Oppliger et al. 1997) and this is often associated with reduced investment in immune 
function (Gustafsson et al. 1994 and reviewed in Sheldon and Verhulst 1996). 
Parasitised parents have also been shown to have a lower reproductive success and raise 
offspring of lower quality (Korpimaki et al. 1993; Oppliger et al. 1997 Korpimaki, 
1993; Merino et al. 2000, 2005) and future reproduction may be affected (Gustafsson et 
al. 1994). 
 
Relatively little research has focused on the effects of mixed lineage infection on avian 
malaria. A recent study on the house martin, Delichon urbica, showed that mixed 
lineage infection significantly reduced adult survival from one breeding season to the 
next and also resulted in an increase in the reproductive success of that year (Marzal 
2008) consistent with a ‘terminal reproduction strategy’ (Williams 1966). As infection 
with diverse malaria lineages could result in between lineage competition for blood 
cells and an increase in clinical effects of infection (Antia et al. 2008), this could alter 
the strength of selection on the parasitized host population (Mitchell et al. 2005). 
 
1.6.2 Seasonality in transmission of avian malaria 
Avian malarial parasites also display seasonal dynamics and a basic model describing 
the dynamics has been developed by Beaudoin (1971). The model proposes that there is 
a spring peak in prevalence of avian malaria due to a relapse in infection (Applegate 
1970; Applegate et al. 1971; Beaudoin et al. 1971). Reproduction leads to an increase in 
the number of immunologically naïve individuals and the emergence of vectors allows 
the circulation of the parasite to these individuals, causing a summer peak in prevalence, 
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particularly in juveniles born that year.  This model has generally been accepted, 
however recent evidence has shown that different morphospecies of Plasmodium can 
display quite different dynamics (Cosgrove 2008) despite the overall prevalence being 
largely similar to the Beaudoin model (1971). This is important as temporal variation in 
the use of the host, could result in coexistence of multiple species of parasite in 
populations (Miller 1980). In addition, variation in transmission could also alter the 
relationship between virulence and transmission and therefore, this could have impacts 
on the evolution of virulence (Ewald 1983; May and Anderson 1983) and reviewed in 
Bull 1994; Lipsitch and Moxon 1997, but see Ebert 2003) as well as alter the strength 
and the nature of the selection pressure of the parasite on the host (Mitchell et al. 2005). 
 
1.6.3 Geographic variation in avian malaria  
If parasites exert fitness effects on the host population, this implies that they are virulent 
(Lively 2006), which is important because this is the premise for local adaptation 
(Lively 1999; Gandon 2002b; Lively 2006 and reviewed in Greischar and Koskella 
2007). Therefore, understanding the biogeographic structure of a host-parasite 
interaction is essential to understanding the underlying coevolutionary dynamics of the 
system (Thompson 1994; Thompson 2005). Although microsatellite markers have not 
yet been developed to study the detailed population genetic structure of the avian 
malaria parasites, results investigating geographic structuring based on cytochrome b 
sequences have been been able to infer details of geographic structuring, with evidence 
for structure in some systems and none in others.  
 
Fallon and Ricklefs (2003a, 2005) showed that there was partial geographic structuring 
in avian malaria parasites in the Lesser Antilles, with the core islands having similar 
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lineage compositions, but the peripheral ones having different composition, presumably 
due to geographic isolation and different host-vector-parasite associations (Fallon et al. 
2005). In a smaller study, they found that there was also variation in prevalence of 
Plasmodium lineages in four species sampled across all islands, but generally not in 
prevalence of Haemoproteus, bar one lineage (Fallon et al. 2003a). In a study conducted 
on the willow warbler, Phylloscopus trochilus, a trans-Saharan migrant, prevalence of a 
lineage of Haemoproteus varied significantly with latitude across Sweden (Bensch and 
Akesson 2003). In the North American housefinch, populations of Eastern North 
America harboured a particular lineage of Plasmodium which was different to the two 
found in Western North American populations (Kimura et al. 2006). Avian malaria 
parasites of two purely migrant hosts, did not show any geographical structuring in 
black-throated blue warblers, Dendroica caerulescens across North America (Fallon et 
al. 2006) or in the blackcap (Perez-Tris and Bensch 2005) in European populations. An 
interesting note is that lineage GRW4, member of the morphospecies Plasmodium 
relictum, which has been implicated in the decline of the Hawaiian honeycreepers has 
been recovered from 39 species of bird across the world mainly in the Old World and 
oceanic islands and has only been detected as a rare lineage in North American samples 
(Beadell et al. 2006).  
 
Failure to detect geographic structuring in the malaria parasites of birds could 
potentially result in a positive correlation between range size and prevalence (Poulin 
1992; Poulin and Morand 1999; Krasnov et al. 2005). Range size could either be host 
range, that is number of hosts manipulated or geographic range. Recent studies have 
shown that there is a positive correlation between host range of the avian malaria 
parasites and different measures of local abundance (Hellgren 2006). On a study 
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focusing on parasites of the blackcap, a positive correlation between geographic range 
and local prevalence was also found (Perez-Tris and Bensch 2005). Taken together, 
these results are consistent with the macroecological phenomenon of a positive 
correlation between local abundance and range size (Hanski 1982; Brown 1984; Gaston 
and Blackburn 1996; Gaston 2000; Freckleton 2002, 2006). 
 
1.6.4 Cospeciation using avian malaria as a system 
Little is known about whether vector-transmitted parasites cospeciate with their hosts 
and this would largely depend on vector host preferences (Jakes et al. 2003). Recent 
studies of avian malaria have shown that cospeciation can occur, however, and that this 
is mixed with high levels of host family specificity marked by recent host switching 
events (Ricklefs and Fallon 2002; Ricklefs et al. 2004). The adaptive hypotheses 
underlying whether cospeciation occurs between avian blood parasites and their hosts 
have also never been investigated. It may also be that the level of dispersal could be 
important in affecting the degree of cospeciation, analogous to the effect on local 
adaptation with high host and/or parasite dispersal preventing cospeciation. 
 
TreeFitter (Ronquist 1995) and Jungles (Charleston 1998) have been applied to the 
study of malaria and their avian (Ricklefs et al. 2004) and lizard  (Charleston 2003) 
hosts. The matrix-based approach, Parafit (Legendre et al. 2002), has also been used to 
test for speciation between birds and avian malaria parasites. The fact that some 
parasites occur in multiple hosts, does not imply that host-parasite cospeciation is not 
occurring in this system, and therefore Parafit is the only method that can incorporate 
this level of multi-host parasitism (Legendre et al. 2002). However, recent work by 
Ricklefs and co-workers, using Parafit showed no evidence of cospeciation between 
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several avian bird families and lineages of Plasmodium and Haemoproteus (Ricklefs et 
al. 2004), although, there was broad congruence, at least to the family level.  
 
1.7 Chapter rationale 
This thesis explores the ecology and evolution of Leucocytozoon parasites of birds 
starting from whether these parasites have effects on a breeding host population, then 
moving on to investigate seasonality in prevalence, microevolution and tackling 
cospeciation. In all chapters, I use molecular techniques to identify genetic lineages and 
test for lineage specific effects. Taken together, the main aim of this thesis is to 
illustrate the importance of looking at effects of lineage identity on population 
biogeographical, seasonal and phylogenetic processes. 
 
In the first two data chapters of this thesis, I focus on fitness effects of Leucocytozoon 
infection on a single blue tit population in Silwood Park. In Chapter 2, I investigate 
whether Leucocytozoon parasites of blue tits had effects on reproductive parameters of 
breeding birds. In particular, I first tested for overall effects of infection on reproductive 
parameters such as clutch size, number of chicks reared and brood quality. I then 
investigated whether mixed lineage infections lowered reproductive success more than 
single lineage or no infection and whether consideration of parasite identity was 
important. The effect of multiple lineage infection on reproductive parameters has 
rarely been tested (but see Marzal 2008). In Chapter 3, I explore the seasonal variation 
in prevalence of both overall infection and infection with individual Leucocytozoon 
lineages in blue tits in and I assessed whether it followed the Beaudoin model for avian 
malaria (1971). I also tested whether variation in host life history parameters such as 
age and body condition affected prevalence of the parasites in the Silwood Park blue tit 
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population. This has been done for morphospecies of Plasmodium (Cosgrove 2008), but 
not for Leucocytozoon and given their different life histories, one may expect their 
seasonal dynamics to also differ.  
 
 In Chapter 4, I consider the microevolutionary scale and present results from a large 
study conducted across Europe, where I looked for evidence of geographic and genetic 
structuring in Leucocytozoon lineages of two closely related sedentary hosts, the blue 
and the great tit. These two species of tit are an ideal system to address this question as 
they are largely resident and one would predict that, given there is low host migration, 
there should be a marked genetic structure. I then interpret my results in the context of 
whether local adaptation occurs in this system or whether there is evidence for the 
abundance-occupancy relationship.  
 
Thorough phylogenetic and geographic analyses of cospeciation between vector-
transmitted parasites and their hosts are lacking. In the final data chapter of this thesis, 
Chapter 5, I investigate on a global scale whether host-parasite cospeciation occurrs 
between Leucocytozoa and their avian hosts. I first collate data from published 
sequences of Leucocytozoa and their hosts and built phylogenetic trees for each group. I 
then assess whether there is an overall cophylogenetic structure across both trees and I 
tested the degree of cophylogeny of each host-parasite association. I repeated these 
analyses across multiple trees obtained from the posterior distribution and repeated 
these at different phylogenetic and geographic scales so as to try to disentangle the 
relative effects of phylogeny and geography. I then attempt to understand the underlying 
reasons for why some links are cospeciating, whereas others are not and in particular, I 
investigate the role of host dispersal. Furthermore, although the role of dispersal has 
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been highlighted in microevolutionary studies, in terms of macroevolutionary processes 
such as cospeciation, such research is deficient. 
 
In the final chapter of this thesis, I discuss my main results in the context of each other.  
I particularly emphasise the important role of considering the variation in the host-
parasite interaction and the role of dispersal. I conclude with naming future directions 
that could greatly improve our knowledge of this particular host-parasite interaction and 
the field of the evolutionary ecology of malaria parasites in birds. 
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Chapter 2: Effects on reproductive performance of Leucocytozoon 
infection on a wild bird: the importance of multiple infection and 
lineage identity. 
 
2.1 Abstract 
Parasites can act as strong agents of selection in wild host populations, and can exert 
important effects during breeding. Life history theory predicts that parasitism can elicit 
a trade-off where individuals balance the value of the current reproductive attempt 
versus future reproductive attempts. In a short-lived host species, such choices are 
paramount to the fitness of individuals. Here, I investigate these theories using the avian 
malaria parasites, which have traditionally been considered a good model system to 
assess such questions in wild field populations of birds. In particular, I focus on the 
question of whether multiple lineage infections have a particularly pronounced effect on 
the host fitness and whether there are differences between individual lineages of 
parasite in terms of effects on host fitness. In previous studies, these issues have been 
neglected due to the lack of molecular tools to identify individual parasite lineages. 
Here, I address this precise issue in a wild population of the blue tit, Cyanistes 
caeruleus, and its diverse Leucocytozoon parasite fauna, across two breeding seasons in 
2006 and 2007. I predict that multiple lineage infections, will have a significantly worse 
effects than single lineage infections and that different individual lineages act in 
different ways.  
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2.2 Introduction 
 
Theory predicts that parasites regulate host populations provided that they overcome a 
threshold virulence (Anderson 1979; Ewald 1983; May 1983; May and Anderson 1983) 
where virulence is typically measured as the severity of infection, or parasite-induced 
mortality (Frank 1996).  In the wild however, it is often difficult to quantify virulence 
directly, due to the fact that sick or dead individuals may not be caught and sampled 
(Frank 1996). The effects of parasitism on a population could therefore be 
underestimated. This is especially true in wild host populations, but in some cases the 
breeding period is a time when it is possible to assess the effect of parasitism on the 
host by means of quantifying the effect on the reproductive value of the offspring. The 
overall aim of this study was to identify whether parental infection with the under-
studied Leucocytozoon spp. impacted the brood quality in a wild bird population. In 
particular, I tested whether multiple infection or the identity of parasite lineage involved 
in an infection affected chick quality. 
 
Estimation of virulence through observation of offspring quality is also interesting as 
reproduction is thought to be a costly activity (Williams, 1966) and parasitism can elicit 
a trade-off between current and future reproduction (Stearns 1992), which in turn may 
be mediated by immune defence (Gustafsson et al. 1994; Nordling et al. 1998). Theory 
predicts that energy is a limiting resource and in a time of physiological stress, more 
resources may be allocated to coping with parasitism than to investment in the current 
reproductive attempt (reviewed in Sheldon and Verhulst 1996). For example, in a study 
on bighorn sheep, Ovis canadensis, it was found that reproductively active female hosts 
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had a greater number of lungworm, Protostrongylus spp larvae, than non-reproducing 
female hosts (Festabianchet 1989).  
 
Avian malarial parasites are a high profile model system for the study of effects on 
breeding hosts because they are known to have pathogenic effects on birds, as 
demonstrated by the devastating effect of a lineage of Plasmodium relictum on the 
Hawaiian honeycreepers (van Riper 1986; Atkinson et al. 1995; Atkinson et al. 2000), 
following the introduction of the malarial vector Culex quinquefasciatus to the 
Hawaiian archipelago (Ahumada et al. 2004; Beadell et al. 2006). The main 
physiological effect of malaria is anaemia, as a result of infection of red blood cells or 
in the case of Leucocytozoon species both the red and white cells (Atkinson and van 
Riper 1991; Valkiunas 2005). Avian malaria infection can also be chronic with the 
parasites remaining dormant in the hosts’ tissues, such as the liver, in winter and 
relapsing in spring (Allan and Mahrt 1989; Valkiunas 2005), possibly mediated by 
hormonal cues (Applegate 1970). 
 
The effect of avian malaria on reproductive success has also been investigated for the 
more commonly found, morphologically identifiable forms of the parasite. In 
experimental studies, it has been demonstrated that birds raising enlarged broods had a 
higher prevalence of malaria and that these effects can be present in one or both of the 
parents (Gustafsson et al. 1994; Norris et al. 1994; Richner et al. 1995; Allander 1997; 
Nordling et al. 1998). The costs of parasitism have also been shown to increase in birds 
with experimentally enlarged clutches (Oppliger et al. 1997; Korpimaki et al. 2003; 
Marzal et al. 2005) and it is known that parasites can delay the onset of incubation and 
influence desertion rates (Oppliger et al. 1994). Parasitized individuals may also have 
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lower return rates (Richner et al. 1995 , Dawson and Bortollotti 2000, but see Fitze et al. 
2004) and future reproduction can be affected (Gustafsson et al. 1994). 
 
With the increased application of molecular techniques to the avian malaria and 
Leucocytozoon system, which enables the identification of individual parasite lineages, 
it is possible to assess the effect of multiple infection on the reproductive value of the 
brood. Most recent studies on avian malaria have not investigated mixed as opposed to 
single lineage infections (but see Marzal et al. 2008). In experimental and theoretical 
work focusing on the evolution of virulence however, multiple infections have received 
a lot of attention and it has been shown that infection with diverse strains can result in 
selection for increased virulence (Taylor et al. 1998; Read et al. 2001; de Roode et al. 
2005; Bell et al. 2006). At the physiological level, multiple infections of malaria could 
result in increased anaemia (Atkinson and van Riper 1991). These increased 
physiological effects could in turn have more detrimental effects on the reproductive 
value of offspring of multiply infected individuals. In a recent study on the house 
martin, Delichon urbica, multiple lineage infection decreased parental survival, but 
increased reproductive success (Marzal et al. 2008) and this was explained in terms of a 
‘terminal investment’ strategy of the birds, which is the phenomenon when birds invest 
more in the current reproductive attempt versus future ones, due to senescence or 
infection (Stearns 1992; Gustafsson et al. 1994). 
 
Molecular approaches to identify parasite lineages also allow the effect of specific 
lineages of parasite to be assessed.  Recent studies have shown that closely related 
lineages can manipulate different hosts (Waldenstrom et al. 2002; Reullier 2006) and 
can have different dispersal and wintering strategies (Perez-Tris and Bensch 2005). The 
Effects of Leucocytozoa on breeding blue tits                                               Chapter 2 
 38 
idea that parasites can have different levels of virulence is well documented: for 
example, Plasmodium falciparum is more virulent and pathogenic than Plasmodium 
vivax (Mackinnon and Read 2004).  With data on parental infection with particular 
lineages, it is possible to assess whether individual lineages of parasite can also have 
different effects on reproductive parameters. 
 
In this study, I used molecular approaches for the identification of parasite lineages to 
investigate the impact of multiple infection and identity of infection by Leucocytozoon 
lineages on the brood quality in a wild population of the breeding blue tit, Cyanistes 
caeruleus. Leucocytozoa are a good study system as they are highly prevalent in 
Northern Europe in a wide range of hosts (Valkiunas 2005). Recent work has also 
revealed a high genetic diversity of these parasites (Hellgren 2005; Hellgren et al. 
2007), but little recent work has integrated this diversity to the study of the effect on 
breeding bird populations. In this study, I tested whether infection with Leucocytozoa 
affected reproductive parameters of the host and I also investigated effects of mixed 
lineage infection and lineage identity. Specifically, the aims were to (i) assess the 
prevalence and diversity of Leucocytozoon parasites in a blue tit host population over 
two breeding seasons; (ii) quantify the effect of adult infection, on reproductive 
parameters such as brood condition, number of chicks reared and clutch size; (iii) 
determine whether mixed lineage infections had more severe effects on reproductive 
parameters opposed to single lineage infections; (iv) investigate whether lineage 
identity of adult infection affected reproductive parameters; and  (v) investigate how 
these effects were mediated differently in male and female hosts. 
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2.3 Methods 
2.3.1 Fieldwork 
The fieldwork for this study was conducted between April and May, in both 2006 and 
2007 in a blue tit population breeding in 228 nest boxes in 100ha of mixed deciduous 
woodland in Silwood Park, Ascot, Berkshire (Grid Ref: SU 940690). A nest box 
population was set up in 2002, with the addition of 200 nestboxes across the site, and an 
addition of a further 28 in 2003 to a part of the study site that was previously 
unoccupied (Hadfield 2006).  
 
Nests were checked every other day from April 1
st
 in order to establish the first egg date 
and therefore all dates were recorded in terms of ‘April days’ (i.e. days after April 1
st
). 
The nests were revisited 16 days after the first egg was laid, and the clutch size counted. 
Unringed females were ringed with a unique aluminium ring and the identity of female 
found at each nest was recorded. Eggs are usually laid one per day until clutch 
completion and full incubation begins after this date, with the shortest possible 
incubation time for a clutch being eleven days (Perrins 1979). The earliest possible 
hatch dates were therefore predicted by adding the clutch size to the first egg date, and 
then adding eleven days to account for the minimum incubation period. Nests were 
subsequently checked daily from the predicted earliest hatch date until hatching. Once a 
clutch had started hatching or had hatched, it was noted and hatch date was recorded, 
based on days since 1
st
 April. The brood was revisited seven days later to be ringed with 
unique aluminium rings. At 15 days post hatching, both parents were caught when they 
were entering the nestbox. 
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Tarsus length, and other morphometric measurements were recorded on both adults and 
chicks using metal callipers exact to 0.01mm. Birds were aged based on contrast in the 
greater coverts to indicate a young bird and even colour in the coverts to indicate an 
older bird and sexed, based on the presence of a brood patch and/or a cloacal protrusion 
(Svensson 1992). Mass was recorded using an electronic balance. A small blood sample 
(20-75 µl)  was taken from the brachial vein, with the aid of a 26-gauge needle 
(Microlance, Fisher Scientific) and a heparinised capillary tube. All blood samples were 
subsequently stored in 750 µl of SET buffer (0.05M Tris, 0.15MNaCl, 0.5 EDTA, pH 
8.0). Birds were returned to their nests within one hour of initial capture. In 2006, 129 
blood samples were collected from 69 female and 60 male blue tits nesting in 80 boxes, 
and in 2007 143 samples were collected from 70 females and 73 males occupying 93 
boxes. 
 
2.3.2 Molecular analysis 
For samples collected in 2006, DNA was extracted from the blue tit blood samples 
using the DNeasy Blood& Tissue extraction kit (Qiagen), following the manufacturer’s 
instructions. For samples collected in 2007, DNA was extracted using the ammonium 
acetate precipitation technique (Bruford 1998). Fifty ng of DNA was used as a template 
for a nested PCR which was conducted using HaemNFI and HaemNR2 primer pairs 
(Hellgren et al. 2004) for the first round of PCR, that amplify a 617bp region found in 
the cytochrome b gene of all three genera: Haemoproteus, Plasmodium and 
Leucocytozoon. HaemFL and HaemR2L primer pairs were used for the second round 
amplifying a 479bp region representative of Leucocytozoon (Hellgren et al. 2004).  This 
protocol was used as it has been shown to not amplify the related malaria genera 
Plasmodium and Haemoproteus (Cosgrove et al. 2006). 
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Pre and post PCR steps were conducted using separate pipettes and in different sections 
of the laboratory, when feasible, so as to eliminate contamination. One positive control 
was included for every 45 samples and one negative control (ddH20) for every 23 
samples, so as to detect potential contamination (Cosgrove 2008). In the first round, 
each reaction contained 50ng of genomic DNA, 0.125mM of each dNTP,  0.2mM of 
each primer, 3mM of MgCl2 and 0.25U of Platinum Taq with the accompanying buffer 
(Invitrogen) (Catherine Cosgrove, personal communication).  For the second round, 2 µl 
of the primary template were used, with all reagents remaining the same apart from 
using 0.4mM of the primers and 0.5U of Platinum Taq. For the first round of PCR, the 
conditions were an activation step of 3 mins at 94°C, followed by 20 cycles of 94°C for 
30s, 50°C for 30s and 72°C for 45s with a final extension step of 10mins at 72°C 
(Hellgren et al. 2004), whereas for the second round, the number of amplification cycles 
was increased to 35. PCR products were then run on an agarose gel so as to assess 
which samples yielded positive amplification for the parasites. A molecular sexing PCR 
reaction using primer pairs P2 and P8 (Griffiths et al. 1998) was also conducted on all 
samples, in order to assess sample integrity, so as to limit the number of false negatives. 
Samples that were found to be positive for were then cleaned up (Montage, Millipore) 
either by gel excision or by column purification. Samples were sequenced in both 
directions using HaemFL and HaemR2L and run on an ABI (Applied Biosystems) 
Prism 3700 DNA Analyzer sequencer. 
 
Sequences were obtained for 87 of the 92 (95%) of infected individuals in 2006 and 101 
of the 115 (88%) infected birds in 2007. Unresolved, that is messy, sequences were re-
sequenced and, if they failed to give a sequence the second time were removed from the 
analysis. Forward and reverse sequences were edited and collated using Sequencher 
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(GeneCodes Corp., An Harbour, MI, USA). Reference sequences of known 
Leucocytozoon, Haemoproteus and Plasmodium lineages were obtained from 
GENBANK all sequences were then imported into Se-Al (Rambaut 2002) to perform 
the alignment. Identical sequences were grouped together and each sample was assigned 
to a particular lineage. Fifteen per cent of all samples analysed contained mixed lineage 
(multiple) infections, identifiable as ‘double-base callings’ on the chromatogram (see 
Appendix 1 Figure A1.1 for an example). In most cases, however, it was possible to 
determine the main lineage in the sample, as it dominated the sequence (Hellgren et al. 
2008). Results for 3 individuals in 2006 and 2 individuals from 2007 were excluded as 
they possessed unresolvable mixed infections. 
 
2.3.3 Statistical analysis 
Two types of modelling approaches were used depending on whether the response 
variable was continuous, a count or binary (Crawley 2007). In cases where the response 
variable was continuous, data was analysed in a Linear Mixed Effects Model (LMER), 
with number of chicks reared, adult condition, parental age and hatch date as fixed 
effects and year, nestbox and parental identity as random effects (Bates and Sarkar 
2007; Crawley 2007). This was to account for the fact that some boxes and adults were 
sampled in both years (Bates and Sarkar 2007). In cases where the response variable 
was a count or presence/absence data, I used Generalised Linear Models with poisson 
errors  (for count data) and binomial errors and a logit link (for binary data) (Crawley 
2007). To account for pseudoreplication, arising from individuals being sampled in two 
years, one of the two values was randomly selected. The analyses were conducted for 
males and females separately, so as to remove pseudoreplication due to multiple 
observations from the same nestbox and because effects of parasitism may be mediated 
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differently by males and females (Richner et al. 1995; Merino et al. 1996; Oppliger et 
al. 1997). Non-significant terms were removed from the model in a stepwise fashion 
and a !2 statistic was used to compare the models (Crawley 2007). All statistical 
analyses were performed in the R statistical programming environment (R Development 
Core Team 2008).  
 
a) Prevalence and diversity of lineages  
Generalised Linear Models with binomial errors were used to assess whether prevalence 
of Leucocytozoon infection varied between the two study years and between the sexes. 
Infected individuals were coded as ‘1’ and uninfected as a ‘0’ (Crawley 2007). 
 
b) Effect of overall infection on reproductive parameters: chick condition, clutch size 
and reproductive success 
I used several measures of reproductive success, chick condition, clutch size and 
reproductive success.  
Condition was calculated using the formula :  
condition= mass/(tarsus length)
3
.    (Eq 2.1) 
This measure was used as it accounts for the size component of body mass, ie, that 
genetically larger birds are heavier (Marion 1983). Mean chick condition was used in all 
analyses, so as to remove pseudoreplication attributed to the same nest environment. 
The effect of female and male infection with Leucocytozoon species on chick condition 
was analysed using LMERs (lme4 package in R; Bates and Sarkar 2007). Interactions 
were removed from the full models in a step-wise fashion (from the more complete to 
the simpler model), with high-level interactions being removed first (Crawley 2007). p-
values for the interactions were obtained by model comparison using a !2 statistic. Non-
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significant terms were removed until the minimum adequate model was reached 
(Crawley 2007). 
 
Clutch size was measured as the number of eggs present 16 days after the first egg was 
laid. Reproductive success was defined as the number of chicks surviving to 
measurement. The effect of infection on clutch size and reproductive success was 
investigated using a GLM fitted with poisson errors, to account for non-normality in the 
error structure of count data, in a model with age of the parent, condition, infection 
status, hatch date and year.  
 
c) Effect of multiple versus single infections on reproductive parameters 
Linear Mixed Effects Models were conducted to determine the effects of infection with 
more than one lineage opposed to single infections, in which case the infection category 
was a three level factor (0, uninfected; 1, infected with one lineage only; and  > +2, 
infection with more than one lineage). Models were fitted with number of chicks reared, 
age, adult condition, infection category, hatch date and all higher order interactions. 
Following model simplification, factor level reduction was carried out to determine 
whether the effects of the different infection classes differed.  
 
A Generalised Linear Model was used to determine the effect of multiple infections on 
reproductive success and clutch size. As before, one observation taken from the same 
individual was randomly omitted. Models were fitted with age of the parent, condition, 
lineage identity, hatch date and year, for the two sexes separately.  
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d) Lineage-specific effects  
In order to determine whether individual lineages of parasite infection had effect on 
reproductive parameters, they considered alongside the uninfected class. This was 
because the much lower prevalence of the other lineages did not allow further analysis. 
Linear Mixed Effects models were used to assess the effect of the most prevalent 
lineages (C103 and IPARUS4 versus the uninfected class) on chick condition. Lineage 
IPARUS4, was a lineage already deposited in GENBANK (Accession number: 
AY393795). Full models included the following fixed effects: number of chicks 
reared/adult condition, age, lineage infection, hatch date and all higher order 
interactions.  To avoid over-parameterisation of the models, number of chicks and adult 
condition were fitted alternately in two different analyses. A full model was then fitted 
with the significant main effects and interactions from the two preliminary analyses. 
Once the minimum adequate model was reached, factor level reduction was carried out 
to determine whether the effects of the different lineages and the uninfected class 
differed. This was done by grouping together the two most similar levels and repeating 
the analysis with the new two level factor. The significance of the factor level reduction 
was assessed by model comparison (Crawley 2007).  
 
Generalised Linear Models fitted with poisson errors were used to determine the effect 
of particular lineages on reproductive success and clutch size for the two sexes 
separately, fitted with age of the parent, condition, lineage identity, hatch date and year 
for the two sexes separately. As before, in the case of multiple sampling from the same 
individual one observation was randomly omitted (Crawley 2007). Model simplification 
was carried out in a step-wise fashion and a !2 statistic was used to compare the models 
(Crawley 2007). 
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2.4 Results 
 
2.4.1 Leucocytozoon prevalence and diversity of lineages 
The mean prevalence of Leucocytozoa was higher in 2007 (80.4% of host individuals) 
than in 2006 (71.3%), although this difference was marginally non-signficant (z= 1.749, 
d.f= 270, p=0.08).  Infection prevalence did not vary significantly between the sexes in 
either year (2006: z= 1.63, d.f= 127,p= 0.10; 2007: z= 0.124, d.f=141, p=0.90). A total 
of ten lineages were found in the population in 2006 of which seven were also detected 
in 2007 (see Table 2.1 and Appendix 1 Table A.1 for alignment). The two most 
common lineages were C103 and IPARUS4 and they differed by 1.1% sequence 
divergence. The prevalence of mixed lineage infections was high, and occurred in 15% 
of individuals in both males and females and was slightly lower in 2007 (13%) than in 
2006 (18%). 
 
Table 2.1 Cytochrome b lineages of parasites and numbers of blue tit hosts analysed 
each year. For full sequence data see Appendix 1 Table A1.1. 
 
 Sample sizes  
Lineage 2006 2007 
B91 1 0 
B101 2 0 
IPARUS4 12 20 
B25 7 2 
C103 34 55 
C105 12 11 
Ge020 5 4 
Ge022 7 5 
NP083 3 0 
W043 1 2 
Mixed unresolvable 3 2 
Total 87 101 
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2.4.2 Effect of overall infection on reproduction  
In both infected and uninfected female hosts mean chick condition increased with hatch 
date. In infected birds, however, this occurred significantly less quickly (p= 0.026, 
Table 2.2, Figure 2.1). In a model with just the main effects fitted, there was no direct 
effect of female infection on mean chick condition (LMER: !2 =0.849, p= 0.36). There 
was also no effect of overall male infection with Leucocytozoon on chick condition 
(LMER from model deletion: !2 = 0.709, p= 0.40). 
 
There was no significant effect of total overall prevalence Leucocytozoon infection on 
number of chicks reared by females in either year (from GLM: p2006= 0.473 ; p 2007 = 
0.819 ) or by males(p 2006 = 0.70; p 2007=0.75). Similarly, there was no significant effect 
of pooled Leucocytozoon infection on clutch size (from GLM  p2006=0.518; p2007=0.40). 
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Table 2.2 Summary of main results from LMERs. In this table ‘overall infection’ 
does not account for lineage identity and Leucocytozoon is abbreviated as ‘Leuco’. 1) 
Effects of overall infection on mean brood chick condition of (a) females and (b) males. 
2) Effects of mixed lineage Leucocytozoon infection of (a) female and (b) male on 
overall chick condition. 3a) Effects of lineage identity of infection of (a) female and (b) 
male on mean chick condition. 
 
Analysis and factor  d.f !
2
 p 
   
1a. Overall infection (females)   
Leuco infection x hatch date -1 4.93 0.026 
condition x leuco infection -1 3.3 0.069 
condition x hatch date -1 11.54 0.0007 
chicks -1 1.64 0.2 
age 1 0.05 0.98 
    
1b. Overall infection (males)    
leuco -1 0.678 0.41 
    
2a. Mixed infection (female)    
condition x hatch date -1 14.23 0.0002 
age x no lineage -1 4.11 0.04 
chicks -1 1.77 0.18 
    
 b. Mixed infection (male)    
age x hatch date -1 8.97 0.0027 
lineage -2 2.83 0.09 
condition -1 1.92 0.165 
no. chicks -1 7.04 0.008 
    
3a. Female lineage    
condition x lineage x hatch date -2 8.21 0.017 
chicks x lineage x hatch date -2 6.09 0.012 
    
 b. Male lineage    
male condition -1 44.85 <0.001 
Number of chicks x age x lineage -2 52.75 <0.001 
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Figure 2.1 Interaction between hatch date and infection on mean chick condition. 
Linear regressions showing the correlation between mean chick condition and hatch 
date between uninfected (blue points) and infected (red points) female hosts. There were 
significant differences between uninfected and infected individuals on mean chick 
condition. Uninfected birds (blue line): y=2.01e
-05
x + 1.28 e
-03
, F1,36 = 26.49,  p-value: 
9.58 x e
-06
 , R
2
=  42.39. Infected females (red line): y= 1.37e
-05 
x+ 1.50 e
-03
 F1,99 =26.73,  
p-value: 1.221e
-06
  
 
 
2.4.3 Effect of multiple infections  
Multiple infection in females resulted in a significant age x multiple infection 
interaction (p=0.0002, Table 2.2, Figure 2.2). In old birds, as intensity of infection 
increased, mean chick condition decreased significantly, whereas in young birds it did 
not. It is worth noting that in old birds, infection with multiple Leucocytozoon lineages, 
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resulted in a mean chick condition similar to that of young uninfected females. Multiple 
infection in males resulted in a trend for decreasing chick condition with increased 
infection although this was marginally non-significant (from model deletion: !2= 2.83, 
p= 0.09). In neither year did diversity of infection in females have a significant effect on 
the number of chicks reared (2006: p=0.75, 2007: p=0.89) or on clutch size (2006: p= 
0.76, 2007: p= 0.32). In males, diversity of infection also did not have a significant 
effect on number of chicks reared (2006 p =0.86, 2007: p =0.91). 
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Figure 2.2 The age-by-number of lineage interaction on chick condition. The 
interaction between female age and infection status (uninfected, infected with one 
lineage or more) on chick condition was significant (!2  = 4.111, p= 0.04). In both age 
classes multiple infections significantly reduce mean chick condition.  
 
2.4.4 Lineage specific effects  
Taking into account the identity of the infections in females, there was a significant 
lineage-by-condition-by-hatch date interaction (Figures 2.3 and 2.4, Table 2.2 and 2.3). 
Overall, there was a strong negative correlation between female condition and hatch 
date, and a strong positive correlation between chick condition and hatch date (Figure 
3.3). For uninfected birds, this increase occurred significantly more quickly than in 
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birds infected with C103 or birds infected with IPARUS4 (Table 2.2). This is 
demonstrated as chick condition persisting to later on in the season than for lineage 
C103 or for the uninfected class (Figure 2.4, Table2.3). By carrying out factor level 
reduction, it was assessed that the two lineages had significantly different effects to 
each other (there was a significant difference between the two models: !2 = 14.91, 
p=0.02). Lineage identity had no significant effect on number of chicks reared in either 
year (2006: p= 0.79; 2007: p = 0.92. There was also no significant effect of lineage 
identity on number of eggs laid (2006: p= 0.69 and 2007: p = 0.88).  
    
 
 
 
Effects of Leucocytozoa on breeding blue tits                                                                                                                                   Chapter 2 
 53 
 
Table 2.3 Summary of effects of female condition and hatch date on chick condition, taken from linear regression models for all the data 
and the three infection classes separately. 
 
  
female condition Hatch date  
Lineage slope df R
2
 p slope df R
2
 p 
ALL -0.22 +0.04 99 20.93 <0.001 1.55E^-5 + 2.58e-06 99 26.75 <0.001 
0 -0.25 + 0.08 36 20.79 0.004 9.58E-05 + 3.91e-06 36 42.39 <0.001 
C103 -0.15 + 0.05 48 14.79 0.006 1.03E-05 +3.74e-06 48 13.6 0.008 
IPARUS4 -0.27 + 0.10 11 29.78 0.05 1.28E-05 +7.80e-06 11 19.72 NS 
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Figure 2. 3 Significant interaction between hatch date and female condition on 
chick condition (a) Relationship between chick condition and hatch date (red line) y= 
1.59e-03x +1.421 e-03, F1,137=36.16 , p<0.0001 , R
2
= 26.75 and female condition and 
hatch date (blue line) y= -4.58 e-05 +4.39 e-03, F1,137=167.4,  p<0.0001, R
2
=54.66 and 
(b) Relationship between female condition and mean chick condition y= -2.4 1e-1x + 
2,68 e-03, F1,137=  42.41, p<0.0001, R-squared: 24.59,  
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Figure 2.4 Significant lineage x condition x hatch date interaction on chick 
condition (from model deletion, !2 = 9.76 and p= 0.0076) Relationship between female 
condition, chick condition and hatch date. Chick condition is depicted as colour with 
blue colour being areas of low chick condition, green of medium and yellow/red of high 
chick condition.(a) all data (b) uninfected individuals (c) individuals infected with 
lineage C103 and (d) individuals infected with lineage IPARUS4. For lineage 
IPARUS4, the area of blue (low chick condition) persists to later on in the season.  
 
There was a significant interaction between number of chicks reared by male age by 
lineage (Table 2.2). Repeating the analysis, but for the two age classes separately, 
resulted in near significant trends in some age-by-lineage combinations on mean chick 
condition. In young uninfected males, there was no relationship between chick 
condition and number of chicks reared (F1,53 = 2.96,  p=0.091, R
2
 = 53.12, Figure 2.5a), 
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whereas in those infected with lineage C103 there was a positive trend (F1,10= 3.98, 
p=0.06, R
2
 =28.44, Figure 2.5b) and in those infected with lineage IPARUS4 there was a 
negative trend between chick condition and number of chicks reared (F1,6= 5.1, 
p=0.064, R
2
 = 36.94, Figure 2.5c). In the old males, for uninfected individuals (F1,16 = 
0.1435, p= 0.710,  R
2
 = 0.89, Figure 2.5d) and those infected with C103, there was no 
relationship between number of chicks reared and mean chick condition (F1,25= 0.209 
p=  0.6515, R
2
 = 0.83, Figure 2.5e). For those infected with IPARUS4 again, there 
appeared to be a nearly significant trend (F1,8 = 4.12, p= 0.08, R
2
 = 33.42 (see Figure 
2.5f). The effects of infection with the two lineages were significantly different to each 
other (!2 = 18.88, p = 0.0008). Male lineage identity did not have an effect on the 
number of chicks reared in either year (p2006 = 0.73, p2007 = 0.84). 
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Figure 2.5 The relationship between mean chick condition and number of chicks 
reared in (a) young uninfected males (b) young birds infected with C103 (c) young 
male hosts infected with IPARUS4 (d) old male uninfected (e) old males infected with 
lineage C103 (f) old males infected with lineage IPARUS4. 
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2.5 Discussion 
My results showed that Leucocytozoon infection of the hosts had marked effects on the 
reproductive value of their brood, measured as mean chick condition a few days before 
fledging. Specifically, overall infection of the female host, not accounting for multiple 
lineage and identity of infection had significant effects on brood quality, mediated by 
hatch date. Birds hatching later on in the season and raised by infected mothers had 
significantly lower condition than those raised by uninfected mothers. Infection of male 
hosts did not have an effect, indicating that the cost of reproduction is mediated by 
maternal factors in this study. Mixed lineage infection significantly lowered brood 
quality of old infected females but not of young ones, indicating that older females may 
suffer more due to infection.  When considering the identity of the infection, there was a 
significant interaction between lineage, female condition and hatch date, indicating that 
identity of infection influenced the trade-off between female condition and chick 
condition, and that this trade-off became more apparent later on in the season. Identity 
of male infection interacted significantly with age and number of chicks reared to give 
contrasting results on the reproductive value of the brood: in young birds infected with 
lineage C103, there was a positive trend between number of chicks reared and brood 
quality, but there were negative trends in old birds infected by lineage IPARUS4, 
indicating that the lineage specific effects may be idiosyncratic. This study therefore 
suggests an important role for multiple lineage infections and lineage-specific effects in 
a wild host-parasite system.  
 
In female hosts, overall infection with any of the Leucocytozoon lineages resulted in 
reduced chick condition, particularly later on in the breeding season. Factors such as 
habitat quality (Svensson and Nilsson 1995; Verhulst et al. 1995), female age (Forslund 
Effects of Leucocytozoa on breeding blue tits                                                    Chapter 2 
 59 
and Larsson 1992) and parasitism (Oppliger et al. 1994) are known to influence the 
onset of reproduction. In contrast to most studies, where reproductive output is higher 
earlier on in the season (reviewed in Verhulst and Nilsson 2008) in this study, I found 
that chick quality increased significantly with hatching date. The increase in mean chick 
condition occurred more slowly in infected females than uninfected ones, resulting in a 
reduced reproductive output of infected females in comparison to uninfected ones, 
consistent with results by Oppliger et al. (1994) that demonstrated that great tits, Parus 
major, breeding in nests infested with the hen flea, Ceratophyllus gallinae, delayed the 
onset of laying by 11 days, thus reducing the overall reproductive output of these birds. 
In a short breeding season, this can be important as it leaves a narrow window in which 
females can maximise their reproductive quality. 
 
Whereas infection of female hosts had an effect on brood quality, infection of males 
hosts had no effect, suggesting that females carried the cost of reproduction. This was 
further supported by the trade-off between chick condition and female condition, which 
suggests that females lose quality with increased reproductive effort, benefiting the 
brood but not themselves. The suggestion that the females carry the cost of reproduction 
is concurrent with results from an egg removal manipulation that showed that females in 
the experimental brood had a higher prevalence of Plasmodium parasites than those in 
the control group (Oppliger et al. 1996). Results from other brood manipulations in the 
great tit however, have shown that increasing brood size resulted in higher provisioning 
rates (Richner et al. 1995), a higher prevalence of infection (Norris et al. 1994; Richner 
et al. 1995), and lower return rates in males only (Richner et al. 1995 but  see Allander 
1997). It has been suggested that these differences could arise as a result of differences 
in the immune systems between males and females (Sheldon and Verhulst 1996) and 
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that this would be worth investigating in wild vertebrate systems provided improved 
measures of immune function become available (Owens and Wilson 1999). 
 
Multiple lineage infection of female hosts had a marked effect, shown by the interaction 
between age and number of infections. Young females produced poorer quality broods 
independent of diversity of infection; in older females as diversity of infection 
increased, brood quality decreased. It is possible that the effects of infection in the 
young birds were not noted due to a sampling effect: with heavily infected birds having 
potentially already deserted and therefore not been sampled. There were far fewer 
young birds raising broods at the end of the season, indicating that young birds may 
have deserted; such a result would be consistent with a trade-off between increased 
investment in future reproduction versus current reproduction (Williams 1966). A recent 
study by Marzal et al. (2008) demonstrated that house martins infected with multiple 
infections had reduced survival but higher reproductive success and the authors 
suggested that this could be an example of ‘terminal investment’. Similarly in my study, 
it may be that the old birds engaged in terminal investment: even when infected with 
more than one lineage, they are still producing offspring not significantly worse than 
young uninfected birds. Multiple infection of the old females was significantly worse 
than single lineage infection in terms of their effects on mean brood quality. In male 
hosts, there was also a trend for mean chick condition to decrease with increasing level 
of infection, although this effect was maginally non-significant. Anaemia is one of the 
symptoms of acute blood parasite infection (Atkinson and van Riper 1991): a recent 
model suggested that the dynamics of red blood cell loss followed a resource limitation 
model which could result in severe physiological and immunological cost to the host 
(Antia et al. 2008). In turn, these physiological impacts could result in effects on 
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reproductive success of the host. Multiple infections in males resulted in a decreasing 
trend on chick condition, with increased diversity of parasitism, although this trend was 
marginally non-significant. 
 
My results also suggest that lineage-specific effects of parasitism may be important, 
although these effects were difficult to disentangle due to the nature of the effect, a 
three-way interaction between female condition, hatch date and lineage identity on 
chick condition. There was a trade-off between female condition and chick condition, 
with increased chick condition with decreasing female condition, due to the effort of 
reproduction (Gustafsson et al. 1994; Saino et al. 1999). Past studies that have 
investigated the effects of parasitism on breeding bird populations have largely ignored 
this and mainly focused on a generic grouping of parasites (Norris et al. 1994; Richner 
et al. 1995; Oppliger et al. 1996; Allander 1997; Oppliger et al. 1997; Nordling et al. 
1998; Dawson and Bortolotti 2000; Deviche et al. 2001; Marzal et al. 2005; Tomas et al. 
2007) and as a result, may have failed to detect potentially subtle effects of infection. 
Maternal infection with either of the two most common lineages significantly reduced 
chick condition: those infected with IPARUS4 raised chicks with significantly lower 
chick condition compared to those infected with C103 and this altered the nature of the 
trade-off between female condition and chick condition, possibly via the effect of 
parental effort (Saino 1999). Infection of female host with lineage IPARUS4 was 
correlated with a reduction in the time available for high quality mothers to produce 
high quality broods by approximately five days, which in a short breeding season could 
have serious fitness consequences. The more notable effects of IPARUS4 highlights the 
importance of consideration of particular lineages/species of parasite in these types of 
study (Bensch et al. 2004) and suggests that different lineages in this system could act in 
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different ways and even have different virulence, as has been shown to be the case in 
the human malaria parasites Plasmodium falciparum and P. vivax (Mackinnon and Read 
2004). In avian malaria, Plasmodium species are thought to be more virulent than 
Haemoproteus species (Richner et al. 1995), but as far as I am aware, my study is the 
first time that this idea has been extended to incorporate the effect of individual 
lineages. 
 
In future, brood manipulation experiments and immune measures could also help with 
our understanding of how this is mediated by parental effort and how individual 
lineages affect immune parameters (Gustafsson 1994; Sheldon and Verhulst 1996; 
Owens and Wilson 1999). In addition, the identification of the lineages present in the 
mixed infections, would allow the investigation of different lineage mixtures and their 
impact on the breeding hosts (Perez-Tris 2005). Furthermore, quantification of 
parasitaemia using quantitative PCR methods would allow one to determine whether 
these effects are mediated by parasite load (Palinauskas et al. 2008; Zehtindjiev et al. 
2008). Clearly, a combination of field, experimental and laboratory approaches could 
uncover a wide gamma of effects of individual and comibinations of lineages on 
breeding host populations. 
 
Taken together, my results show that Leucocytozoon parasites can have important 
effects on host breeding success, particularly mediated through infection of female 
hosts. This study is one of the few studies of wild populations to account for diversity 
and identity of infection and suggests that future work should include this. In turn, such 
specific effects are important to our understanding of the virulence of parasites in 
natural host-parasite systems. 
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Chapter 3: Seasonal dynamics of cryptic forms of Leucocytozoon spp. 
in a wild bird population 
 
 
3.1 Abstract 
 
Parasites can play an important role on the regulation of host populations, and their 
impact can interact with environmental and seasonal drivers to affect host population 
dynamics. It is also likely that different lineages of parasite may show different seasonal 
patterns, which may alter the nature of the selection landscape of host-parasite 
interactions and therefore impact host population dynamics. In this study, I present 
longitudinal data across three years on the overall prevalence of Leucocytozoa and that 
of individual lineages. I compare my results to the conceptual model proposed to 
explain the seasonal variability of avian malaria (Beaudoin et al. 1971) which predicts 
that there is a spring relapse in infection due to chronic infections and that there is a 
peak in infection due to transmission. I find that overall Leucocytozoon prevalence is 
similar to the model prediction, with respect to overall infection, but that different 
lineages of parasite show significantly different seasonal dynamics that vary from year 
to year. Taken together, these results indicate a potentially important reason to consider 
the diversity and seasonality of infection of this group of parasites and I discuss these 
results in the context of the potential effects on the coevolutionary process and 
population dynamics of the host.  
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3.2 Introduction 
 
Parasites can potentially play an important role in the regulation of host populations 
(Anderson and May 1978; May and Anderson 1978; Anderson and May 1981; Dobson 
and Hudson 1986, 1992; Hudson et al. 1992; Hudson 1998). Seasonality of parasite 
abundance and transmission is therefore of considerable interest because it can have 
implications for the population dynamics of the host (reviewed in Altizer et al. 2006). In 
addition, from an evolutionary viewpoint, it is possible that different parasite 
species/strains evolve to manipulate different aspects of the host life cycle, resulting in 
different levels of virulence and therefore displaying remarkably different dynamics 
(Anderson and May 1981). Seasonal variation among parasite species and/or strains 
may also have implications on the parasite genetic composition which could interact 
with environmental variables and therefore alter the nature and strength of selection on 
the host population (Mitchell et al. 2005). Adaptation to a particular temporal niche 
could also result in the maintenance of parasite diversity, as is the case in host-
parasitoid systems (Miller 1980). 
 
Seasonality in parasite transmission can be caused by a range of both intrinsic and 
extrinsic drivers. For example, the transmission of measles is associated with increased 
aggregation of susceptible hosts during school terms (Fine and Clarkson 1982), and 
flocking behaviour and aggregation at feeders in early autumn has been implicated in 
epidemics of Mycoplasma gallisepticum that causes mycoplasmal conjunctivitis in the 
North American house finch, Carpodacus mexicanus (Altizer 2004). Environmental 
drivers such as temperature, rainfall and periodicity of rainfall have been associated 
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with seasonality in several directly transmitted human diseases (Dowell 2001) and 
vector transmitted parasites, such as malaria and dengue (Hay et al. 2000) . Interactions 
between climate variables and infection can also result in population crashes. For 
example, in the Soay sheep, Ovies aries, population of St Kilda, harsh winters can lead 
to low food availability, which combined with heavy nematode parasitism, often results 
in death (Gulland 1992; Coulson et al. 2001). Similarly, in Scottish red grouse, Lagopus 
lagopus scotica populations, rainfall and temperature interacted with parasite 
transmission to affect host demography and synchronicity in host population dynamics 
across locations (Cattadori 2005). The annual host reproductive cycle and host 
behaviour could also result in seasonal changes in prevalence; for example, when 
reproduction occurs relatively synchronously, there is an injection of immunologically 
naïve individuals into the population, and this may result in a peak in prevalence at the 
onset of infection (White 1996; Altizer 2004; Cosgrove 2008).  
 
Seasonality in transmission is also important from an evolutionary perspective. In a 
recent study, Mitchell and colleagues (2005) showed that the strength and nature of 
selection in infection of Daphnia magna with different clones of Pasteuria ramosa can 
be altered due to temperature changes in the environment. Therefore, such 
environmental variation could alter the composition of the parasite community and 
result in different coevolutionary scenarios (May and Anderson 1983). In turn, this 
could have important effects on the evolutionary dynamics of the parasite (Grenfell et 
al. 2004) and population dynamics of the host (Anderson and May 1981). 
 
Avian malarial parasites, including Leucocytozoon species in this category along with 
Haemoproteus and Plasmodium, are well-suited as a system in which to study 
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seasonality because they are highly genetically diverse (Bensch et al. 2000; Ricklefs and 
Fallon 2002; Waldenstrom et al. 2002; Fallon et al. 2004; Ricklefs et al. 2004; Bensch 
2007), so one can study whether particular lineages show different seasonal dynamics. 
They can infect populations at potentially high prevalences (Norris et al. 1994; Richner 
et al. 1995; Oppliger et al. 1997), and they can impose fitness effects on their hosts 
(Atkinson 1991; Atkinson et al. 2000). Moreover, in temperate climates, their 
transmission is seasonal and can vary greatly depending on vector availability 
(Beaudoin et al. 1971; Valkiunas 2005). In temperate climates, it is well established that 
prevalence of avian malaria varies within years, due to vector availability (Applegate et 
al. 1971; Beaudoin et al. 1971; Cosgrove 2008). Beaudoin (1971) proposed a conceptual 
model to understand the seasonal variation in prevalence of avian malaria infection 
(Figure 3.1). This model is based on the observation of a spring relapse in infection and 
a peak in infection due to the surge of susceptible individuals entering the population 
followed by transmission events (Applegate et al. 1971; Beaudoin et al. 1971). 
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Figure 3.1 Beaudoin (1971) model for seasonality in avian malaria. Vectors emerge 
in late spring and maintain high levels throughout summer and early autumn, during 
which transmission rates are high, resulting in a peak of parasite prevalence in the host. 
In late autumn/winter some birds migrate and others remain in the resident area. In 
temperate climates vector abundance decreases and the malarial parasites overwinter in 
the liver of the hosts (Valkiunas 2005). Upon the onset of breeding, there is a relapse in 
infection, probably correlated with the reduced investment of the host in immune 
defence during reproduction (Allan and Mahrt 1989; Valkiunas 2005) and parasite 
prevalence peaks once again. This model, may therefore predict two potential peaks: 
one due to the spring relapse and another as a result of transmission and infection of 
immunologically naïve juveniles. Reproduced from (Beaudoin 1971) 
 
In addition to seasonal dynamics, previous work has demonstrated annual variation in 
prevalence of different antigenic variants of human malaria (Forsyth 1988), 
Plasmodium mexicanum infection of the Western fence lizard, Sceloporus occidentalis 
(Schall and Marghoob 1995) and avian malaria (Bensch 2007). In a study on the great 
reed warbler, Acrocephalus arundinaceus, that spanned seventeen years, Bensch and 
colleagues (2007) showed that the three main lineages of avian malaria present in the 
population cycled with a periodicity of 3-4 years. This could be the result of allelic 
variation in the interaction between the parasite and the immune system of the host 
(Forsyth 1988; Gupta et al. 1994), or apparent competition between lineages (de Roode 
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et al. 2005). In contrast, other studies have found evidence for temporal stability of 
parasites in populations between years (Schall 2000; Fallon et al. 2004). 
 
Most of previous studies of avian malaria relied on the morphological identification of 
parasites, which means that it is difficult to look for differences among lineages 
(Richner et al. 1995; Oppliger et al. 1996, 1997; Dawson and Bortolotti 2000; Schrader 
et al. 2003). Developments in the molecular techniques available to study the 
evolutionary ecology of avian malaria (Jarvi et al. 2002; Fallon et al. 2003b; Hellgren et 
al. 2004; Waldenstrom et al. 2004), means that it is now possible to investigate seasonal 
variation in prevalence of individual lineages. For instance, a recent study by Cosgrove 
et al. (2008) investigated variation in seasonal prevalence of two Plasmodium 
morphospecies over a three-year period in the blue tit, Cyanistes caeruleus. They 
reported a pattern consistent with the Beaudoin model (1971) for the overall pooled 
prevalence of Plasmodium. However, when they addressed the dynamics of two 
morphospecies of parasite separately only one of the two showed similar dynamics to 
the model (Cosgrove 2008). Cosgrove et al (2008) also found significant age structure, 
with transmission of Plasmodium circumflexum species being highest in juvenile birds. 
This is important as it supports theory prediction that a burst of susceptible individuals 
into the population, could act to reduce the herd immunity of the population and 
therefore result in an epidemic (White et al. 1996; Altizer et al. 2006). 
 
The overall aims of this study were to determine whether there was seasonal variation in 
the overall prevalence of Leucocytozoon in a wild bird population, and to test for 
differences in seasonality of the individual lineages of this parasite following the 
Beaudoin model. If the parasites follow the Beaudoin model (1971), then one would 
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predict a relapse in infection coinciding with the onset of breeding. Prevalence would 
remain high throughout summer due to transmission events presumably due to a 
reduction in herd immunity and the injection of naïve blue tit hosts into the population. 
Overall prevalence may be expected to decrease on the onset of autumn as the number 
of transmission opportunities decrease. Finally, in winter, prevalence is expected to be 
zero due to the parasites retreating to the liver (Beaudoin et al. 1971; Valkiunas 2005).  
 
Specifically, I tested whether: (i) there was seasonal variation in overall Leucocytozoon 
prevalence over a three year period and whether such seasonal variation followed the 
Beaudoin model (1971); (ii) I then assessed whether the three most prevalent lineages 
displayed different dynamics; and finally (iii) I tested whether host demographic factors 
such as age and a measure of body condition had effects on parasite prevalence, with 
respect to annual and seasonal patterns. 
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3.3 Methods  
3.3.1 Fieldwork 
The fieldwork for this study was conducted on the blue tit over three breeding seasons: 
from May 2005 through to November 2007 in 100ha of mixed deciduous woodland in 
Silwood Park, Ascot, Berkshire, 40km from London (Grid Ref: SU 940690). Adults 
were caught from May to early November in 2005 and from early March until early 
November in 2006 and 2007. Sampling in winter 2005, yielded no positive samples 
(0/43), so no winter samples were taken in subsequent years. Birds were caught using 
mistnets during standard ringing procedures or on the nest. A nest box population was 
set up in 2002, with the addition of 200 nestboxes across the site, and an addition of a 
further 28 to a part of the study site that was previously unoccupied (Hadfield 2006). 
Birds were ringed with a unique metal ring and were subsequently aged and, where 
possible sexed weighed and had their wings measured. Under licence, a small blood 
sample was taken from the brachial vein which was then stored in 750 ul of SET buffer, 
0.05M Tris, 0.15MNaCl, 0.5 EDTA, pH 8.0 (Freed and Cann 2006). 
 
3.3.2 Molecular analysis 
DNA was extracted from the blood samples using the DNeasy extraction kit (Qiagen). 
DNA quality was assessed and quantified by running 6- 8 !l of extract on a 2% agarose 
gel. A nested PCR was then conducted using HaemNFI and HaemNR2 primer pairs 
(Hellgren et al. 2004) for the first round of PCR, that amplify a 617bp region found in 
the cytochrome b gene of all three genera: Haemoproteus, Plasmodium and 
Leucocytozoon. HaemFL and HaemR2L primer pairs were used for the second round 
amplifying a 479bp region representative of Leucocytozoon (Hellgren et al. 2004).  This 
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protocol was used as it has been shown to not amplify the related malaria genera 
Plasmodium and Haemoproteus (Cosgrove et al. 2006). 
 
Pre and post PCR steps were conducted using separate pipettes and in different sections 
of the laboratory, when feasible, so as to eliminate contamination. One positive control 
was included for every 45 samples and 1 negative control (ddH20) for every 23 samples, 
so as to detect potential contamination (Cosgrove 2008). In the first round, each reaction 
contained 50ng of genomic DNA, 0.125mM of each dNTP, 0.2mM of each primer, 
3mM of MgCl2 and 0.25U of Platinum Taq with the accompanying buffer (Invitrogen) 
(Catherine Cosgrove, personal communication).  For the second round, 2 µl of the 
primary template were used, with all reagents remaining the same apart from using 
0.4mM of the primers and 0.5U of Platinum Taq. For the first round of PCR, the 
conditions were an activation step of 3 mins at 94°C, followed by 20 cycles of 94°C for 
30s, 50°C for 30s and 72°C for 45s with a final extension step of 10mins at 72°C 
(Hellgren et al. 2004). The second PCR had the number of amplification cycles raised to 
35. PCR products were then run on an agarose gel so as to assess which samples yielded 
positive amplification for the parasites. A molecular sexing PCR reaction using primer 
pairs P2 and P8 (Griffiths et al. 1998) was also conducted on all samples, in order to 
assess sample integrity, so as to limit the number of false negatives. Samples that were 
found to be positive for were then cleaned up (Montage, Millipore) either by gel 
excision or by column purification. Samples were sequenced in both directions using 
HaemFL and HaemR2L and run on an automated ABI sequencer. 
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3.3.3 Sequence identification 
Forward and reverse sequences were edited and collated using Sequencher (GeneCodes 
Corp., An Harbour, MI, USA). Reference sequences of known lineage Leucocytozoon 
were obtained from GENBANK and all sequences were then imported into Se-Al 
(Rambaut 2002), where they were aligned by eye. Identical sequences were grouped 
together and each sample was assigned to a particular lineage. In a few cases, samples 
were found to contain mixed lineage infections, identifiable as double-base callings on 
the chromatogram. Where it was possible to determine the main lineage in the sample as 
it dominated the sequence (Hellgren et al. 2008), the particular sequence was included 
in the further analysis. However, if the sequence was not possible to resolve, the sample 
was excluded from further analysis.  
 
3.3.4 Statistical analysis 
For all analyses, the response variable was prevalence of parasite and was scored as (i) 
presence/absence of Leucocytozoon species in a particular sample, and by 
presence/absence of the three most prevalent lineages: (ii) C103, (iii) IPARUS4 and (iv) 
C105. Other lineages could not be considered as their prevalence was much lower. All 
statistical analyses were conducted in the R statistical programming environment (R 
Development Core Team 2008).  
 
The presence/absence data were analysed in two ways. In the first instance, I used a 
Generalised Additive Model (GAM) implemented in the R library ‘mgcv’, with age, 
weight, year and a smoothed function of date (days since the 1
st
 of January) as the main 
factors. A smoothed function of date was fitted as linear models can mask oscillations in 
prevalence (Pascual and Dobson 2005; Cosgrove 2008). Interactions between all non-
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smoothed variables were considered. A binomial error structure with a logit link was 
used (Crawley 2007). The significance of each term in the model was evaluated by 
model deletion, the process of removing the term from the model and comparing the 
simpler model to the more complex one and the fit of models with and without the term 
were compared using a "
2
 test (Crawley 2007). Significance of effects is therefore 
reported as a "
2
 test with its associated p-value and change in degrees of freedom. 
Factor level reduction was then carried out to see if there was a significant difference 
between years (Crawley 2007). As interactions with the smoothed term could not be 
fitted, this was further explored with the other significant variables. Where the 
smoothed function of date was not significant, linear date was considered.  
 
The second type of analysis employed was a Generalised Linear Model, with binomial 
errors: with age, weight, season and year as the main effects fitted and all their two-way 
interactions. Age was coded as a two-level factor: (young birds born that year and old 
birds not born that year) and season as a four level factor (3, March, 5, breeding season, 
7, summer samples, 10, autumn samples). As the response was binary, a binomial error 
structure with the logit link function was specified and if there was overdispersion, a 
quasibinomial error structure was used (Crawley 2007). The significance of each term 
and interaction was assessed by model deletion as described for the GAM models 
(2007). For the individual lineage analyses, there were not enough degrees of freedom 
to consider higher than two-way interactions. Significance of effects is therefore 
reported as a "
2
 test with its associated p-value and change in degrees of freedom. 
Factor level reduction was carried out to assess whether there were significant 
differences between seasons and years (Crawley 2007). 
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3.4 Results 
521 samples were analysed from the breeding season of 2005 through to late autumn in 
2007. An analytical breakdown of the number of positive samples for each lineage is 
given in Table 3.1  
 
Table 3.1 Number of positive samples for each lineage throughout the 3 year study 
period 
 
 
 
 
 
 
3.4.1 Pooled Leucocytozoon prevalence 
I define pooled prevalence as overall prevalence, not accounting for lineage identity. In 
the analyses based on Generalised Additive Models, the smoothed function of sampling 
date was retained as a predictor of pooled prevalence ("
2
 = 57.17, d.f= 5.04, p <0.0001, 
Figure 3.2a). Prevalence differed significantly between years (# (deviance)= -19.82, 
#(d.f)= -3.32, p("
2
)= 0.0003, Figures 3.2(a-d) and Table 3.2). To investigate whether the 
smoothed predictor of sampling date was significant in all years, I repeated the GAMs 
for all three years separately. In 2005, the smoothed date term was not retained but the 
linear date term was (z= -4.12, p <0.001, Figure 3.2b). For 2006 and 2007, the 
smoothed function of date successfully predicted seasonal changes in pooled prevalence 
(from model comparison: 2006, # (deviance)= -44.17, #(d.f)= -5.25, p("
2
)<0.0001, 
Figure 3.2c; 2007, # (deviance)= -10.19, #(d.f)= -4.47, p("
2
)<0.04 Figure 3.2d). In the 
Lineage Number 
B25 16 
C103 137 
C105 42 
IPARUS4 56 
GE020 13 
GE022 24 
NP083 3 
W043 6 
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overall model, there was a significant interaction between linear date and weight (# 
(deviance)= -9.97, # d.f= -1, 3.11, p= 0.001), with weight increasing significantly with 
date in the infected individuals (t=2.93, d.f= 267, p= 0.004), although this linear model 
had low explanatory power (R
2
 = 0.03), but not in the uninfected ones (t=-1.54, d.f=222, 
p= 0.12). Little could therefore be inferred from this interaction, due to the low 
explanatory power of the relationship in infected individuals. There was no significant 
effect of age on overall prevalence (# (deviance)= -0.15, #(d.f)= -1, p("
2
)=0.08) . 
 
In the Generalised Linear Model analysis, both season and year were significant 
predictors of pooled Leucocytozoon prevalence. Prevalence of pooled Leucocytozoon 
was significantly higher during breeding than in other seasons #(deviance) =-17.85, 
#(d.f)=-4, p("
2
)= 0.0015. There was a significant year effect (#(deviance) =  -13.52, 
#(d.f)= -2, p("
2
)= 0.0012) and this was due to a similar prevalence in 2005 and 2006, but 
not to 2007 (from factor level reduction: #(deviance) = -2.26  , #(d.f)= -1, p("
2
) = 0.13). 
Weight was not significant (#(deviance) = -2.26  , #(d.f)= -1, p=0.125) and neither was 
age (#(deviance) = -2.26, #(d.f)= -1 p= 0.85). 
 
Table 3.2 Year effects on prevalence of individual lineages. Whereas the smoothed 
function of date did not predict the prevalence of the lineage, linear date functions were 
used in a normal GLM. Results are changes in deviance, degrees of freedom and 
associated p-value from model comparison. 
 
 
 
Lineage Effect Deviance d.f P 
C103 Year -12.64 -1.85 0.001 
IPARUS4 Year x date -4.09 -1.03 0.05 
C105 Year -0.014 5.13 0.105 
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Figure 3.2 Predictive models of seasonal variation in Leucocytozoon prevalence in 
different years. Predictive models using the best smoothed function of sampling date 
from the GAMs were constructed to visualise the seasonality in prevalence of 
Leucocytozoon in (a) all years, (b) 2005, (c) 2006 and (d) 2007. Although the smoothed 
date term was not significant in 2005, it is shown here for comparison. Open circles 
located at the bottom of the plot represent the uninfected individuals and open circles at 
the top, represent those infected. Note that multiple samples taken from the same date 
are overlaid, so the extent of sampling is underrepresented. The area of the highlighted 
panel indicates the breeding season. Also note that no samples were taken prior to 
breeding in 2005.  
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 3.4.2 Seasonality of individual lineages 
The results of the GAMs showed that the smoothed date term was retained in the final 
models only for lineage C103 (from GAM: "
2 
=25.68, d.f= 3.23,p<0.0001), with this 
lineage clearly dominating the overall effect on pooled prevalence (see Figure 3.3a and 
b). The results of the GLMs showed that for lineage C103, there was significant 
seasonal variation, but this also varied with year (season x year interaction: #(deviance) 
= -12.05 , #(d.f)= -5, p("
2
) = 0.03 and Table 3.3). Summer prevalence of lineage C103 
differed to ‘spring and autumn’ (after factor level reduction: (#(deviance) = -20.71 , 
#(d.f)= -5, p("
2
) = 0.0006) and to  breeding prevalence (#(deviance) = 10.22 , #(d.f)= -2, 
p("
2
) =0.0046, see Table 3.3 for values). In 2005, C103 peaked in summer whereas in 
2006 and 2007 it peaked during breeding, with the 2007 breeding peak being ~ 10% 
higher. In addition, in October 2006, no sampled birds were infected by C103. There 
was no effect of age (GAM, p=0.41; GLM, p= 0.70) or weight (GAM, p= 0.31; GLM 
p= 0.54).  
 
The smoothed seasonality term did not predict seasonality in prevalence of lineage 
IPARUS4 (from GAM: "
2
=8.73, d.f= 4.96, p= 0.118), although there was a significant 
year-by-date interaction (see Table 3.2). All years were significantly different to each 
other (from factor level reduction: #(deviance) = -1.02, #(d.f)= -3.82, p("
2
) < 0.05). The 
results of the GLM were consistent with a significant season-by-year interaction, 
probably attributed to the high early spring and autumn prevalence of this parasite in 
2007. The prevalence of the breeding cohort was significantly higher than the other 
seasons’ cohorts (#(deviance) -10.77, #(d.f)= -5,  p("
2
) = 0.05; Table 3.3). Overall 
prevalences in 2005 and 2006 were not significantly different to each other but were to 
prevalence in 2007 (#(deviance) = -1.71, #(d.f)=  -3, p("
2
) = 0.64 Tables 3.2 and 3.3). 
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There was no significant main effect of age (GAM, p= 0.60; GLM, p= 0.52) or weight 
(GAM, p= 0.81; GLM, p=0.37).  
 
For lineage C105 the results of the GAM showed that there was little seasonal variation 
within year (from model comparison: #(deviance) = -4.90, #(d.f)= -2, p("
2
)= 0.09), but 
that prevalence of lineage C105 was significantly different in 2007 to overall prevalence 
of this lineage in 2005 and 2006. The results of the GLM revealed that prevalence 
varied significantly with season and year, probably due to the high prevalence of this 
lineage in early spring 2007. Prevalence of this lineage in early spring, breeding and 
summer were not significantly different to each other (from model comparison: 
#(deviance)=  -0.003, #(d.f)=  -1, p("
2
) =   0.95), but were  to the autumn cohort t= 2.11,  
p= 0.034, Table 3.3. There was a significant age-by-year interaction for prevalence of 
lineage C105 (#(deviance)= -6.03, #(d.f)= -1, p= 0.012), due to the fact that in 2005 and 
2006 there was a very low proportion of young birds infected by this lineage, but in 
2007, the number of young infected was higher (see Table 3.4). Weight did not affect 
the prevalence of lineage C105 (GAM, p=0.34; GLM, p=0.14)  
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Figure 3.3 Predictive models of seasonal variation in Leucocytozoon lineage 
prevalence. Predictive models using the best smoothed function of sampling date from 
the GAMs were constructed to visualise the seasonality in prevalence of (a) pooled 
Leucocytozoon prevalence, (b) lineage C103, (c) lineage IPARUS4 and (d) lineage 
C105. Open circles located at the bottom of the plot represent the uninfected individuals 
and open circles at the top represent those infected. Note that multiple samples taken 
from the same date are overlaid, so the extent of sampling is underrepresented. The area 
of the highlighted panel indicates the breeding season.  
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Table 3.3 Prevalence estimates for each lineages in each cohort sampled. ‘-’ indicates no data for that cohort. Subscripts denote whether 
there is a significant difference between yearly means. Pooled prevalence is not the sum of the individual lineage prevalence estimates, as this 
includes rare lineages.  
 
 
 
Table 3.4 Prevalence estimates for lineage C105 in each year and age group. 
 
 
 
 
 
            Year                  
Lineage     2005         2006         2007     
 spring breeding summer autumn 
yearly 
mean spring Breeding summer autumn 
yearly 
mean spring breeding summer autumn 
yearly 
mean 
Pooled - 0.73 0.52 0.21 0.54 x 0.16 0.69 0.48 0.09 0.47 x 0.59 0.78 0.46 0.34 0.65 x 
C103 - 0.3 0.38 0.04 0.26x 0.07 0.28 0.2 0 0.19y 0.19 0.43 0.14 0.14 0.32z 
IPARUS4 - 0.16 0.07 0 0.09 x 0 0.1 0.1 0 0.07 x 0.19 0.16 0.04 0.07 0.15 y 
C105 - 0.11 0.03 0 0.06 x 0.05 0.1 0.13 0 0.08 x 0.13 0.09 0.07 0.03 0.12x 
Age 2005 2006 2007 
young birds 0 0.02 0.08 
old birds 0.06 0.06 0.04 
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3.4 Discussion 
My results show that seasonal changes in the overall prevalence of Leucocytozoon, were 
generally consistent with the Beaudoin model (1971), with a peak in prevalence during 
the host breeding period. Individual parasite lineages however, did not however follow 
the Beaudoin model and exhibited idiosyncratic seasonal dynamics that varied 
significantly between years. Also, demographic parameters, such as age and body 
condition, did not explain the seasonal patterns of prevalence of either total 
Leucocytozoon prevalence or that of individual lineage prevalence. These results 
suggest that the bird-Leucocytozoon system is highly dynamic and that season of 
sampling is important when conducting surveys on the prevalence of parasites. This is 
important as it may have effects on the evolution of virulence and therefore the 
composition of the local parasite fauna (de Roode et al. 2005), which may in turn have 
important effects on the selective pressures on the hosts  (Mitchell et al. 2005) and in 
turn the host’s population dynamics (Anderson and May 1981; McKenzie et al. 2001; 
Grenfell et al. 2004). 
 
In agreement with the Beaudoin model of avian malaria (1971), the overall prevalence 
of Leucocytozoon peaked during the breeding period, remained high throughout the 
summer, and then declined. It is likely that the spring peak was due to a relapse in 
infection as a result of the increased stress of breeding, as is the case with chronic 
infections of avian malaria (Applegate 1970; Applegate et al. 1971; Beaudoin et al. 
1971). Blackfly vectors however, can emerge as early as May (Crosskey 1990), so in 
the Leucocytozoon system, spring transmission events should not be excluded. Further 
monitoring and identification of blackfly vectors would resolve whether the spring peak 
is due to relapse or transmission or both. 
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The dynamics of individual lineages were very different to those of overall 
Leucocytozoon, with changes in seasonal prevalence of lineage C103 resembling that of 
overall Leucocytozoon but the other lineages not. Lineages IPARUS4 and C105 on the 
other hand, did not follow the Beaudoin model (1971) and lineage IPARUS4 
demonstrated erratic dynamics, becoming locally extinct in some sampling cohorts in 
2006 and then displaying an early spring peak in 2007 (Figure 5). This is in agreement 
with the recent results of Cosgrove et al. (2008) on seasonal variation of avian malaria 
prevalence in blue tits, showing that one morphospecies of Plasmodium displayed 
similar dynamics to the overall pooled sample, whereas another morphospecies did not. 
IPARUS4 was also the lineage that seemed to have the most marked effects on the 
fitness of individuals in the 2006 and 2007 breeding periods, and therefore could be 
more virulent. Unlike lineage IPARUS4, lineage C105 did not demonstrate much 
seasonal variability, apart from a tendency to be more prevalent during breeding and 
less so in the autumn cohort. It is possible that C105 is a seasonal ‘generalist’ (Koelle et 
al. 2005), ie, is more resilient to environmental perturbations. It is, however, difficult to 
infer patterns of seasonal variability when prevalence is low, the overall prevalence of 
this parasite was 8%, so it may be that the lack of major dynamic during transmission 
months may be a statistical artefact (Poulin 2007). 
 
Theoretically, it has been shown that the evolution of virulence can lead to complex 
ecological dynamics of the host and/or parasite population with local extinction being a 
possible outcome (Koella and Doebeli 1999; Grenfell et al. 2004). Such environmental 
variability could alter the nature of selection as a genotype–by-environment interaction 
(Mitchell et al. 2005). For example, a study on bacterial infection with Pasteuria 
ramosa in Daphnia magna showed that the cost of infection was high at high 
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temperatures and clone susceptibility was not stable across temperatures (Mitchell et al. 
2005), thus altering the nature of selection in this system, mediated by a change in the 
environment. As environmental drivers can alter the local composition of parasites, this 
could also interact with the immune system of hosts and may result in local extinction, 
coexistence or superinfection (Gupta 1994). 
 
In this study, host demographic and life history parameters, such as age and weight did 
not explain seasonal variation in prevalence of either overall Leucocytozoon or the most 
prevalent Leucocytozoon lineages. Theory predicts that each year young birds are 
immunologically naïve and therefore susceptible to infection during the transmission 
season (White et al. 1996), so in this case, one would expect a peak in prevalence in 
juvenile birds in the summer months. This has been shown to be true in the 
mycoplasmal conjunctivitis of the North American house finch (Altizer 2004) and in 
avian malaria of blue tits (Cosgrove 2008). However, if there is an equal proportion of 
susceptible adults in the population this may explain the failure to detect a transmission 
‘pulse’ in juveniles.  
 
Overall prevalence and individual lineage prevalence also varied between years, with 
pooled prevalence being lowest in 2006 (~47% of samples) and highest in 2007 (~65% 
of samples). With only three years of study, it is hard to determine whether the 
community is stable over time, as has been shown in studies of Plasmodium mexicanum 
of the Western fence lizard (Schall and Marghoob 1995) and avian malaria (Fallon et al. 
2004; Bensch 2007). Given variation in extrinsic factors, such as weather and 
temperature, which may affect vector populations (Hay et al. 2000; Altizer et al. 2006), 
and biting rate (Aron 1982), it is possible that variation in vector abundance results in 
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reduced prevalence in the hosts in some years. Furthermore, as perhaps not all blackfly 
species are competent vectors of all lineages (Malmqvist et al. 2004; Hellgren et al. 
2008), this may alter the relative prevalence of lineages in particular years. Similarly, 
shifts in prevalence have been documented in lizard malaria: Schall and Marghoob 
(1995) noted yearly variation in the prevalence of Plasmodium mexicanum in the 
western fence lizard, Sceloporus occidentalis, even though they suggested that these 
were part of a longer cycle of ten years. A greater understanding of the host-vector and 
parasite-vector aspect of the transmission cycle is therefore needed and could shed a 
light on the variation in transmission between years. Alternatively, it may be that cross-
immunity between lineages can result in cycling dynamics and even in apparent 
competition between lineages (Gupta et al. 1994). It would therefore be of interest to 
see what would happen in this system with further years of study and to compare it to 
other such studies. 
 
In conclusion, seasonal pattern of variation in overall prevalence of Leucocytozoon 
followed the model proposed by Beaudoin (1971). Individual lineages, did not however 
follow this model and were shown to display erratic dynamics over three years. 
Changes in the environment such as seasonal change or inter-annual variation are 
potentially important as they could alter the strength and nature of selection acting on 
the host population (Mitchell et al. 2005). This can have important evolutionary 
consequences as they may result in the mainenance of genetic polymorphism within 
populations (Scheiner 1993), which could alter the nature of the co-evolutionary process 
(Thompson 1994; Thompson 2005). I suggest that future studies should not only 
consider the overall prevalence and diversity of infection, but how this varies within 
season and across years. 
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4. Geographic variation in a bird-blood parasite system: geographic 
structuring versus the abundance-occupancy relationship 
 
 
 
4.1 Abstract 
A greater understanding of geographic variation in host-parasite interactions is of both 
theoretical and applied interest in terms of understanding the underlying host-parasite 
coevolution and the spread of emerging diseases. Here, I explore this theme by 
presenting results from a large study conducted at nine sites across Europe in a single 
year.  Sedentary populations of birds were sampled for Leucocytozoon species, a group 
of parasites closely related to avian malaria but rarely studied in this context. I 
specifically tested for geographic and genetic structuring of parasites across Europe and 
whether the most wide-ranging parasite lineages were also the most prevalent. 
Employing molecular methods, I found a large diversity of parasites. Although overall 
parasite prevalence was found to vary with site, the parasites were not genetically 
structured across Europe.  Several measures of local parasite abundance were associated 
with number of sites that the lineage occurred in, which is consistent with the 
macroecological phenomenon of the abundance-occupancy relationship. Taken 
together, these results suggest that broad host and/or vector preference may hold an 
important role in determining the distribution of these parasites and be important in 
affecting host-parasite coevolution in this system. 
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4.2 Introduction 
Understanding geographic variation in host-parasite interactions is central to the study 
of host-parasite coevolution (Thompson 1994; Thompson 1999; Gandon 2002a), the 
evolution of infectivity and virulence (Dybdahl 2003) and local adaptation (Ebert 1994; 
Lively 1999; McCoy 2002). Dispersal has also been shown to affect the local adaptation 
process and has been suggested to promote this process (Gandon, 1996, 2002a; Lively, 
1999; Morgan, 2005) or reduce it (Holt 1997). In turn, this could have important applied 
implications for the prediction and emergence of infectious diseases (Daszak et al. 
2000). The general aim of this study was therefore to assess whether there was 
geographic and genetic structuring in Leucocytozoon parasites in wild bird populations 
across Europe and test for evidence of a positive correlation between measures of local 
prevalence and geographic range of the parasite.  
 
Parasites are thought to be involved in a coevolutionary arms-race with their hosts, 
formally known as Red Queen dynamics (van Valen 1977; Jaenike 1978; Lively 1989; 
Ebert 1994; Lively 1996; Lively and Dybdahl 2000b; Koskella and Lively 2007). 
Typically, parasites have shorter generation times than their hosts and both theory and 
data predict that they should be locally adapted to them (Lively 1989; Ebert 1994; 
Koskella and Lively 2007, but see Kaltz 1999; Oppliger et al. 1999; Gandon 2002a). It 
has also been suggested that migration may play a key role in the local adaptation 
process, with high levels of parasite migration potentially homogenising the population 
and thereby reducing local adaptation (Holt 1997). Intermediate levels of parasite 
migration could, however, act to introduce the required amount of genetic variation for 
the parasites to track the host resistance alleles more effectively, thereby promoting 
local adaptation (Gandon et al. 1996; Lively 1999; Gandon 2002a; Morgan et al. 2005). 
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Trade-off theory suggests that specialisation should be favoured over generalism 
(Futuyma 1988), the classic idea that “a Jack-of-all-trades is master of none”. This 
theory has been applied to a range of systems from dietary specialisation (Drummond 
1983), to invasion ecology (Richards 2006) and to host-parasite interactions (Whitlock 
1996). It may therefore be expected that migrant genotypes will not have the necessary 
adaptations to be able to persist in a novel host population or environment and maintain 
a high fitness. In host-parasite interactions, this is consistent with the idea that parasites 
are locally adapted to the most common host genotype (Lively 1989; Ebert 1994). 
 
An alternative hypothesis to understand the geographic variation of parasite abundance, 
is that parasites that have evolved high migration rates or broad host ranges, are more 
locally and globally abundant as a result of being more generalist, consistent with the 
macroecological phenomenon of a positive correlation between local abundance and 
distribution (Hanski 1982; Brown 1984; Gaston and Blackburn 1996; Gaston 2000). In 
host-parasite systems, a positive relationship between host range and abundance has 
been shown in nematodes parasitizing mammals (Morand 2000b) and in fleas of small 
mammals (Krasnov 2004; Krasnov et al. 2005). A positive relationship between 
geographic range and abundance has also been demonstrated in the malaria parasites of 
the blackcap, Syliva atricapilla (Perez-Tris and Bensch 2005).  
 
Testing whether avian malaria parasites are locally adapted to their host populations is 
challenging in wild populations of hosts, as this requires isolation of parasite lineages, 
and ‘reciprocal transplants’ of parasites along with elimination of vector transmission 
(Zehtindjiev et al. 2008). A first step, therefore, is to test whether these parasites are 
structured across their geographic range in non-migratory host populations (Fallon et al. 
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2003a, 2005). Studies on parasites of resident birds of the Lesser Antillean archipelago 
have shown that the peripheral islands had well differentiated parasite faunas with the 
central four, having a more uniform composition (Fallon et al. 2003a, 2005). However, 
studies on geographic structuring of parasites of migrant hosts have yielded more mixed 
results.  For instance, a lineage of Haemoproteus found in the willow warbler, has been 
shown to vary with latitude across Sweden (Bensch and Akesson 2003). Partial 
phylogeographic structuring has also been shown in a parasite of the house finch, 
Carpodacus mexicanus, with a distinct Plasmodium lineage being associated with 
Eastern North America and two lineages being associated with Western North America 
(Kimura et al. 2006). In contrast, there was no geographic structuring of avian malaria 
parasites of black-throated blue warblers across North America (Fallon et al. 2006) or of 
the blackcap (Perez-Tris et al. 2007) in European populations.  
 
Lack of geographic structuring would suggest lack of local adaptation and parasite 
dispersal could result in the positive relationship between abundance and occupancy 
(Hanski 1982; Brown 1984; Gaston 2000; Freckleton 2006). To test whether 
Leucocytozoa were geographically structured across their range, I undertook a large-
scale field study across Europe of parasites infecting two closely related species of 
sedentary hosts: the blue tit, Cyanistes caeruleus, and the great tit, Parus major.  Both 
hosts have been shown to have a degree of population structuring within their range 
(Salzburger 2002; Packert 2005). Given that these birds do not migrate, one could 
assume that its parasites come from its local environnent. Therefore, this should be a 
way of measuring a parasite’s realised dispersal ability and of investigating the 
relationship between dispersal ability and measures of abundance. To avoid biases 
arising due to potential annual variation in prevalence (Bensch 2007), I used samples 
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taken from one single year of study from nine multiple locations across Western 
Europe.  
 
I predicted that geographically separate host populations would harbour specialist 
parasites, with the specialists attaining higher prevalence than the generalists (Futuyma 
1988). On an evolutionary time-scale, if there is limited dispersal between populations, 
one would expect more closely related parasites to occur in geographically closer sites 
(Fallon et al. 2003a, 2005). Therefore, there should be strong geographic structuring of 
parasite lineages. On the other hand, on a macroecological time-scale, if parasites have 
broad host ranges, or are able to migrate, I would predict that parasites with broader 
geographic ranges would attain higher prevalence, typical of the abundance-occupancy 
relationship (Morand 2000b; Krasnov 2004; Krasnov et al. 2005). The specific aims of 
this study were to (i) quantify the patterns of diversity and prevalence of Leucocytozoon 
parasites in two species of non-migratory host; (ii) test for geographic and genetic 
structuring in Leucocytozoon lineages across a broad geographic range; and (iii) test for 
a correlation between geographic range size and parasite lineage local abundance.  
Geographic variation in Leucocytozoa                                                          Chapter 4 
 90 
 
4.3 Methods 
4.3.1 Study hosts and details of fieldwork 
Blue and great tits occupy similar habitats, with their preferred habitat in Northern 
Europe being oak, Quercus robur, woodland (Cramp 1993). Their range extends across 
the Western Palearctic and they are largely resident, although in Scandinavia, some 
populations of blue tits are known to make ‘eruptive’ movements, mainly to the West 
and to the South (Cramp 1993). They are also characterised by post juvenile dispersal in 
mixed tit flocks in late summer/ early autumn (Cramp 1993). Due to their 
predominantly sedentary nature, presence in high numbers across a large geographic 
range, ready response to tape lures and food and ease to catch, they pose an ideal system 
to study phylogeographic structuring of parasites in host populations. 
 
In order to look at the phylogeny and biogeography of Leucocytozoon parasites in 
Europe, nine different locations were chosen across Europe (Table 4.1). The particular 
sites were chosen because they were thought to have high numbers of the target bird 
species. Blue and great tits were caught at all nine locations in sufficient numbers, 
ranging between 20 to 35 individuals per site, except Southern Portugal, where only 6 
great tits were caught. All samples were taken between July and October of 2006, 
during the transmission season (Crosskey 1990). The Swedish population was sampled 
first in late July, so as to prevent bias: this is because Scandinavian blue tits can 
undergo partial migratory movements in early autumn (Cramp 1993). Birds were caught 
using mistnets, ringed according to standard ringing procedures and a small blood 
sample was taken from the brachial vein (20-50!l). All blood samples were stored in 
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750 !l of SET buffer, 0.05M Tris, 0.15MNaCl, 0.5 EDTA, pH 8.0 (Freed and Cann 
2006). 
 
4.3.2 Molecular analysis 
DNA was extracted from the blood samples using the DNeasy extraction kit (Qiagen). 
DNA quality was assessed and quantified by running 6-8 !l of extract on a 2% agarose 
gel. 50ng of DNA was used as a template for a nested PCR which was conducted using 
HaemNFI and HaemNR2 primer pairs (Hellgren et al. 2004) for the first round of PCR, 
that amplify a 617bp region found in the cytochrome b gene of all three genera: 
Haemoproteus, Plasmodium and Leucocytozoon. HaemFL and HaemR2L primer pairs 
were used for the second round, amplifying a 479bp region representative of 
Leucocytozoon (Hellgren et al. 2004). This protocol was used as it has been shown to 
not amplify the related malaria genera Plasmodium and Haemoproteus (Cosgrove et al. 
2006). 
 
Pre and post PCR steps were conducted using separate pipettes and in different sections 
of the laboratory, when feasible, so as to eliminate contamination. One positive control 
was included for every 45 samples and 1 negative control (ddH20) for every 23 samples, 
so as to detect potential contamination (Cosgrove 2008). In the first round, each reaction 
contained 50ng of genomic DNA, 0.125mM of each dNTP, 0.2mM of each primer, 
3mM of MgCl2 and 0.25U of Platinum Taq with the accompanying buffer (Invitrogen) 
(Catherine Cosgrove, personal communication).  For the second round, 2 µl of the 
primary template were used, with all reagents remaining the same apart from using 
0.4mM of the primers and 0.5U of Platinum Taq. For the first round of PCR, the 
conditions were an activation step of 3 mins at 94°C, followed by 20 cycles of 94°C for 
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30s, 50°C for 30s and 72°C for 45s with a final extension step of 10mins at 72°C 
(Hellgren et al. 2004).  For the second round, the same conditions were used, but the 
number of cycles were increased to 35. PCR products were then run on an agarose gel 
so as to assess which samples yielded positive amplification for the parasites.  A 
molecular sexing PCR reaction using primer pairs P2 and P8 (Griffiths et al. 1998) was 
also conducted on all samples, in order to assess sample integrity, so as to limit the 
number of false negatives. Samples that were found to be positive for were then cleaned 
up (Montage, Millipore) either by gel excision or by column purification. Samples were 
sequenced in both directions using HaemFL and HaemR2L and run on an automated 
ABI sequencer. 
 
4.3.3 Sequence analysis and phylogenetic reconstruction 
Forward and reverse sequences were edited using BIOEDIT (Hall 1999). Mixed 
infections, identifiable as double-base callings on the chromatogram, were discarded 
from these analyses (~ 5% of samples). Reference sequences of known Leucocytozoon, 
Haemoproteus and Plasmodium lineages were obtained from GENBANK and all 
sequences were then imported into CLUSTAL X (Thompson et al. 1994) to perform the 
multiple alignment.  Each individual sequence was taken to represent an individual 
parasite lineage (see Bensch et al. 2004 and Chapter 1 for more information). The 
sequence analysis program MEGA (Kumar et al. 2004) was initially used to build a 
neighbourhood joining tree of all sequences in order to assign individuals to lineages. 
Bayesian phylogenetic reconstructions were carried out as implemented in the software 
Mr Bayes 3.1 (Ronquist and Huelsenbeck 2003), following a GTR unequal rates model 
of evolution, as suggested by the software Modeltest 3.7 (Posada 1998). Chicken 
Leucocytozoon (Genbank accession number: DQ67825 was used as an outgroup) as it 
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was considered to be sufficiently genetically distinct to the passerine Leucocytozoon and 
therefore an appropriate outgroup. Each Bayesian reconstruction was sampled every 10 
generations for 1 million generations using one cold and three hot Markov Chain Monte 
Carlo (mcmc) chains, with the default temperature of the chains remaining at 0.2. The 
burn-in period was estimated using the software TRACER v1.4 (Rambaut 2007) and the 
default setting of 25% of trees were discarded as burn-in, as the runs had converged. 
Phylogenetic trees were visualised using FigTree (Drummond 2007). 
 
4.3.4 Statistical analysis 
a) Genetic structuring of parasites across Europe 
Two methods were used to determine the degree of genetic structuring in 
Leucocytozoon parasites across Europe: Mantel tests and an Analysis of Molecular 
Variance (AMOVA). Mantel tests can be used to test patterns in similarity between two 
groups with multivariate data being summarised in two distance matrices (Sokal 1979; 
Dietz 1983; Sokal 1988; Poulin and Morand 1999). The correlation between the two is 
then quantified, with the process being repeated several thousand times in a 
permutational procedure (Sokal 1979; Dietz 1983). For this analysis, the two distance 
matrices constructed were one with the genetic distance between each sample, estimated 
directly from the sequence data, and for the geographic distance between each sampling 
location. The geographic distance was calculated from the geographic coordinates as the 
round earth distance using the R function, ‘rdist.earth’, in the library ‘fields’. A Mantel 
test with 10 000 iterations was subsequently performed in order to assess the degree of 
similarity between the two matrices (Dietz 1983; Poulin and Morand 1999). 
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A second approach was to use an AMOVA, as implemented by the population genetics 
program ARLEQUIN 3.1 (Excoffier 2005). Here the nine different populations were 
coded as “1 group with 9 populations”. The analysis computed the distance matrices 
using the Kimura-2 parameter rate of substitution and a gamma distribution as estimated 
from the data. Significance was tested in a permutational procedure with 10 000 
permutations to obtain an estimate of the fixation index, !st (Excoffier 2005). 
 
In order to assess whether different sites had different parasite community 
compositions, a second Mantel test, with 10 000 iterations was performed. Here, the 
two distance matrices were one describing the round earth distance between sites and 
another describing the similarity in lineage composition between sites using the Jaccard 
index: 
___c_____                                                        (Eq. 4.1) 
                 ( a + b – c) 
 
where a was the number of lineages at site A, b was the number of lineages at site B and 
c was the number of shared lineages between the two. 
 
The effect of latitude on prevalence at each site, of the two most common lineages was 
also investigated using a linear regression model. Here, prevalence was arc-sine 
transformed to normalise the error structure. The effect of site on prevalence of all 
Leucocytozoon parasites was investigated using a Generalised Linear Model, with a 
binomial error structure and the complementary log link function (Crawley 2007).   
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b) Relationship between parasite geographic range, prevalence and dominance 
The geographic range of each parasite lineage was defined as the total number of sites 
in which each lineage was found. The counts were then added to one and log 
transformed, to normalise the data. Data was pooled across species, if the lineages were 
found in either of the two species, but not if they were found in only one of the two, to 
account for the fact that some parasites occurred in both hosts. Standard linear 
regression models were performed with geographic range (log number of sites +1) as 
the explanatory variable in all analyses and the following response variables: (i) an 
estimate of overall prevalence, that is, total European-wide prevalence of each parasite; 
(ii) two estimates of local abundance: maximum prevalence and second highest attained 
by each lineage at any one site (also used previously by Hellgren 2006); and (iii) an 
estimate of mean ‘relative abundance’ of each lineage was calculated, where relative 
abundance was the proportional representation of each lineage at each site amongst 
infected individuals, that is: 
 
Relative abundance= number of infected individuals with lineage at a site            
                                total number of infected individuals at a site 
        (Eq 4.2) 
 
Finally, mean prevalence of each lineage was calculated where, prevalence was the 
proportion of sampled individuals at a site that were infected with a particular lineage. 
For analyses based on maximum, second highest and relative abundance, the harmonic 
mean was calculated across sites. For all analyses, the measures were arc sine 
transformed to ensure normality of the errors.  
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c) Phylogenetic analyses  
Care should be taken when testing for correlation across related lineages because the the 
observed patterns could arise as an artefact of shared phylogeny (Felsenstein 1985; 
Grafen 1989; Freckleton et al. 2002). A wide range of methods have been proposed for 
taking into account shared ancestry (Harvey and Pagel 1991). Here, I used a method 
that calculates the level of phylogenetic independence, !, for each trait under study, 
where !=0 indicates no phylogenetic signal for the trait and !=1 indicates evolution 
under Brownian motion along the given phylogeny, and therefore complete 
phylogenetic signal for the trait in question (Freckleton et al. 2002). I first calculated the 
! value for each trait: range size, prevalence and dominance and then used a 
Generalised Least Square approach incorporating the required level of correction 
required for the analysis (Freckleton et al. 2002). 
   
All statistical analyses were conducted in the R statistical programming environment. 
(R Development Core Team 2008). 
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4.4 Results 
 
Out of 189 blue tit and 154 great tit samples, 46 and 42 were found to be positive for 
Leucocytozoa, respectively giving an overall European prevalence of 0.24 in the blue tit 
and 0.27 in the great tit. Prevalence at any one location ranged from 0.07-0.5 in the blue 
tit and 0.27 and from 0.09-0.55 in the great tit (see Table 4.1). The results of a 
Generalised Linear Model showed that overall prevalence varied significantly between 
the sites (p< 0.001, d.f =8), but not between the two species (p= 0.58, d.f= 1). 
 
4.4.1 Diversity  
Fourteen genetically distinct lineages of Leucocytozoon were identified, of which one, 
IPARUS4, had been previously identified as a parasite of tits by Hellgren et al. (2007). 
The parasites found in this work grouped into two smaller clades (Figure 4.1). Three 
lineages, IPARUS4, C103 and GE066, were found to occur in both species of host; 
whereas the rest of were found in only one of the two. In the sites where IPARUS4 and 
C105 occurred in both hosts, there was no location–by-host interaction in a GLM 
(IPARUS4: p= 0.32, d.f= 239; C105: p=0.92, d.f= 99). As lineage GE066 was rare, it 
was not possible to determine whether this lineage had a particular host affiliation. The 
lineages were distributed across Europe, as shown in Figure 4.2. 
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Table 4.1 Geographic details of sampling locations and times of fieldwork, with 
prevalence of pooled Leucocytozoon in both host species. ‘p’ denotes prevalence and ‘n’ 
is number of samples taken.  
 
 
 
Site Latitude Longitude Dates in 2006 n (blue tit) p(blue tit) n(great tit) 
 
p(great tit) 
 
SW Sweden 57º7N' 12º12'E 20/07-30/07 27 0.22 
 
13 
 
0.15 
 
NE Scotland 57º48N' 4º13'E 18/08-20/08 9 0.56 
 
 
11 0.27 
 
S Scotland 55º24N' 2º39'E 12/08-17/08 27 0.52 
 
23 0.30 
 
SE England 51º24N' 0º38'E 14/07- 19/07 27 0.67 
 
18 0.44 
 
Belgium 
 
51º10N' 4º23'E 2/08-10/08 28 0.07 
 
28 0.36 
 
S Germany 
 
47º46N' 9º00'E 22/08-03/09 30 0.50 
 
34 0.32 
 
N Spain 
 
42º09N' 2º32'E 17/09-28/09 18 0.06 
 
15 0.27 
 
 N Portugal 
 
40º13N' 8º25'E 16/09-24/09 28 0.32 
 
 
17 0.18 
 
S Portugal 38º11' 8º80'E 5/09-14/09 14 0.07 
 
 
6 0.17 
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Figure 4.1 Bayesian phylogeny of Leucocytozoon parasites found in blue tits and 
great tits constructed from an alignment of 477 bp (see Appendix 1 Table A1.1). 
Numbers on nodes represent posterior probabilities. Chicken Leucocytozoon is used as 
an outgroup. Scale bar indicates substitutions per site. 
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Figure 4.2 Distribution and prevalence of parasite lineages across the two host 
species at all sampling sites. Diameter of each pie has been scaled to total sample size at 
each site  (20< n < 57) and the area of each wedge is representative of the prevalence of 
each lineage. The sum of the coloured wedges at each site represents total prevalence at 
that site and the white area, the proportion of uninfected samples at each site. The olive 
green wedge represents the three rare lineages that were only found once. 
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4.4.2 Genetic signals of transmission area and geographic signals of parasite 
community composition 
The results of the Mantel test and the AMOVA showed that there was no correlation 
between the matrix of genetic distance between samples and that of geographic distance 
between samples (Mantel test: p=0.77, after 10 000 iterations and AMOVA: != -0.17, 
p=0.99, d.f= 8, 27 after 5000 permutations). Hence, more closely related lineages did 
not occupy geographically closer sites. Similarly, there was no significant association 
between the distance matrix of geographic distance and parasite community 
composition (p=0.51 after 10 000 iterations). Therefore, sites closer to each other did 
not have more similar parasite communities (Figure 4.2). For the two most common 
lineages (IPARUS4 and C105) occurring at 8 and 6 sites respectively, there was not an 
effect of latitude on local prevalence (linear regression: IPARUS4: p=0.42, R
2
=0.11, 
d.f=1, 6; C105: p=0.51, R
2
 = 0.01, d.f =1, 4). 
 
4.4.3 Relationship between geographic range and measures of prevalence  
There was a strong positive correlation between overall prevalence and number of sites 
occupied (Table 4.2, Figure 4.3a.) When using a Generalised Least Squares approach to 
correct for the effect of shared ancestry of some of the parasites, the model still 
remained significant (see Table 4.2). There was also a significant relationship between 
number of sites occupied and measures of local abundance: highest and second highest 
prevalence attained by each of the lineages (Table 4.2, Figures 4.3b and c). In addition, 
mean relative abundance was significantly positively correlated with number of sites 
occupied (Table 4.2, Figure 4.3d), but this was not true for the correlation using mean 
prevalence (see Table 4.2). These relationships remained strong when repeating the 
analyses correcting for phylogenetic effects (Table 4.2). It is not unsurprising therefore, 
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that the phylogenetic signal of each of the traits (dominance, prevalence and range 
measures) investigated was also found to be low (" ~ 0 for all traits concerned).  
 
 
 
Figure 4.3 Relationship between range size and measures of abundance. Number of 
sites occupied by each lineage (log transformed) and (a) overall prevalence across 
Europe, (b) maximum prevalence attained by each lineage, (c) second highest 
prevalence attained by each lineage and (d) mean dominance: mean (number infected 
with a particular lineage/total infected at a particular site).  For the analysis, all response 
variables were arc-sine transformed.  
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Table 4.2. Relationship between measures of prevalence and geographic range. 
Prevalence estimates include maximum prevalence attained by each lineage at any one 
sampling location, second highest prevalence attained, mean local prevalence, mean 
local relative prevalence and overall prevalence. Number of sites underwent the log(x+ 
1) transformation. Results of both phylogenetically corrected and phylogenetically 
uncorrected analyses are presented. 
 
 
Analysis 
 
d.f F p R
2
 
Number of sites - maximum  
prevalence 
1,12 6.36 0.028* 0.35 
Number of sites-maximum 
prevalence (phylogenetic) 
 
1,12 7.14 0.020* 0.32 
     
Number of sites – second 
highest  prevalence 
1, 7 33.53 0.0007*** 0.83 
Number of sites – second 
highest  prevalence 
(phylogenetic) 
1,7 38.37 0.0005*** 0.85 
     
Number of sites - mean 
prevalence 
1,12 1.64 0.220 0.04 
Number of sites - mean 
prevalence (phylogenetic) 
1,12 2.42 0.146 0.16 
     
Number of sites -  mean 
relative abundance 
1,12 13.72 0.003** 0.53 
Number of sites -  mean 
relative abundance 
(phylogenetic) 
1,12 18.28 0.002** 0.60 
     
Number or sites - overall  
prevalence 
1,12 11.23 0.006** 0.48 
Number or sites - overall  
prevalence (phylogenetic) 
1,12 23.16 0.004** 0.66 
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4.5 Discussion 
This study showed that there is a high diversity of genetic lineages of Leucocytozoa and 
that prevalence and diversity differed markedly in blue and great tit populations across 
Europe. Contrary to expectations that there would be geographic and genetic structuring 
in these parasite assemblages, I found no evidence for geographic structuring across 
parasite lineages to be the case and several lineages occurred in multiple locations. 
Moreover, wide-spread parasites were also more locally and globally abundant, 
consistent with the macroecological phenomenon of the abundance-occupancy 
relationship (Hanski 1982; Brown 1984; Gaston 2000; Freckleton 2006). These results 
imply that other processes such as broad host preference and migration may hold an 
important role in governing the distribution of these parasites, and may play an 
important role in the coevolutionary process in this system.  
 
Prevalence of Leucocytozoon infection were high (over 30% of sampled individuals) in 
some of the tit populations sampled, suggesting a potentially important role for these 
parasites. There was however, high variation in total prevalence of Leucocytozoon, 
which could be a result of differences in vector availability arising due to differences in 
habitat type and proximity to running water (Foster et al. 2007). Three lineages were 
found in both blue and great tit hosts, of which the two that attained high prevalence did 
not vary significantly between hosts across sites. Bensch et al. (2000), also found a 
common Haemoproteus parasite of blue and great tits, in a study investigating host 
specificity indicating that perhaps these two species readily share parasites. Similarly, 
studies on avian Plasmodium (Ricklefs et al. 2004) have found that certain parasites can 
infect hosts of the same family. One of the shared lineages found in this study, GE066, 
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was rare in this study and it could be that the two tits investigated here were not the 
main hosts of this parasite.  
 
One of the main findings of this study was a lack of geographic structuring of parasites 
of two sedentary hosts, the blue and great tit, across their range: geographically closer 
host populations were not more similar in terms of identity or genetic composition. 
Other studies have reported similar results in Haemoproteus and Plasmodium (Fallon et 
al. 2006; Hellgren et al. 2007; Perez-Tris 2007, but see Bensch and Akesson 2003; 
Fallon et al. 2003a, 2005; Kimura et al. 2006). The main reason given for these 
differences is the differences in migratory behaviour of the hosts (Bensch and Akesson 
2003; Fallon et al. 2003a, 2005; Fallon et al. 2006; Kimura et al. 2006; Hellgren et al. 
2007; Perez-Tris 2007). Scandinavian blue tits do undergo partial migratory 
movements, to The Netherlands and Northern Germany (Cramp 1993), however, this 
movement is limited and is unlikely to result in the complete lack of geographic 
structure observed. In systems where there is a high amount of migration, it has been 
shown that local adaptation may not occur (Holt 1997), and as a result this may have an 
effect on the geographic structuring, argued to be a first step in the understanding of the 
evolutionary dynamics of the system (Fallon et al. 2003a, 2005). Interestingly, in a large 
study of migratory and sedentary avian hosts and their affiliated malaria parasites, 
Hellgren et al. (2007) found a phylogenetic signal of transmission area for 
Haemoproteus and Leucocytozoon at the intercontinental scale between Europe and 
Africa suggesting that at least for Leucocytozoon, there may be differentiation at large 
scales but perhaps not between host populations within continents. 
 
Parasites with broader geographic ranges were also more locally and globally abundant, 
agreeing with the macroecological observation that the most common genotype/species 
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is the one which attains the broadest geographic range (Hanski 1982; Brown 1984; 
Gaston and Blackburn 1996; Gaston 2000). Previously, Perez-Tris et al. (2007) found 
the same relationship between range size and local abundance in the avian malaria 
parasites of the blackcap. My study presented here however, is the first to document this 
in sedentary hosts, indicating that dispersal of the parasite is independent of that of the 
host. Taken together, these results show that high dispersal may result in an advantage, 
in contrast to the idea that migrant genotypes should face fitness trade-offs when 
entering a novel environment (Futuyma 1988; Whitlock 1996). 
 
Broad host and/or vector preferences could also result in the relationship documented 
here. In parasites of sedentary hosts, parasite dispersal is not due to host movement, 
indicating that perhaps a broad host range of the parasite could be the cause. For 
example, if some of the parasites were able to infect migrant birds as well as resident 
birds, then it would be possible for them to colonise new areas, provided there were 
enough susceptible hosts and suitable circulating vectors. Ricklefs et al. (2004) 
documented broad specificity of the avian malaria parasites, Haemoproteus and 
Plasmodium, at least to the family level, however this is marked by host switching 
events. The extent of host specificity in the Leucocytozoon system, therefore merits 
further investigation. 
 
 A broad host range of the vector could also result in parasites found in a broad 
geographic range of hosts. Recent studies however, have shown that the blackfly 
vectors of Leucocytozoon have strong host preferences (Malmqvist et al. 2004) and that 
closely related lineages of Leucocytozoon shared closely related host and vector species 
(Hellgren et al. 2008). Migration movements of the vector could also result in 
movement of parasites across the distribution of the host and there is circumstantial 
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evidence that blackflies can travel along the prevailing winds as far as 150-300km, 
though mark-recapture studies have shown that ornithophilic flies have only been found 
8-15km from the site where they were marked (Crosskey 1990). 
 
In conclusion, the results of this work show that there is no geographic structuring 
amongst Leucocytozoon lineages infecting two species of sedentary host across Europe, 
with the individual parasite lineages also not having a genetic signal of transmission 
area. Instead of being “Jacks-of-all-trades and masters of none”, the lineages that had 
the highest geographic ranges, also attained the highest local prevalence consistent with 
the macroecological relationship between range size and abundance. This study 
suggests that a broad host range and migration could be the key to this observation and 
indeed points out the necessity of understanding whether local adaptation occurs in 
systems where parasites are less host specific. In the future, reciprocal transplants of 
parasites could help elucidate some of these questions. Reconciling the macroecological 
phenomenon of a positive relationship between range size and local abundance with the 
microevolutionary process of local adaptation is important and the two may not be 
mutually exclusive. 
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5. Phylogenetic evidence for cospeciation between Leucocytozoon blood 
parasites and their avian hosts 
 
Abstract 
 
 
 
Parasites are traditionally thought to cospeciate with their hosts, with the outcome being 
that host and parasite phylogenies would be mirror images of each other. However, 
recent work has revealed that this is not always the case, and that parasites can occur in 
multiple hosts or can be apparently host specific even in the absence of cospeciation. In 
particular, it has been suggested that vector-transmitted parasites do not cospeciate as 
readily with their hosts due to the catholic preferences of the vector. I tested this 
suggestion by looking for cospeciation between blackfly-transmitted avian parasite 
Leucocytozoa and their avian hosts. I found strong congruence between the two 
phylogenies, with approximately 40% of links showing evidence of cospeciation. My 
results also showed that host migration plays a key role in the cospeciation processes in 
this system with migrant hosts having significantly fewer cospeciating parasites than 
resident or partial migrant hosts. This suggests that dispersal can have an effect on 
macroevolution. Taken together, these results provide evidence for cospeciation 
between vector-transmitted parasites and their hosts. 
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5.2 Introduction 
 
Theory predicts that hosts and their parasites should show strong coevolutionary 
relationships that would eventually lead to cospeciation (Kellogg 19131a; Kellogg 
1913b; Hafner and Nadler 1988; Hafner and Page 1995; Page et al. 1996; Hoberg et al. 
1997; (Weckstein 2004) host-parasite associations, have been used to infer taxonomic 
relationships in the host for almost a century (Kellogg 1913b; Kellogg 1913a; Brooks 
1979; Brooks 1981; Page 1994a; Hafner and Page 1995; Page et al. 1996; Hoberg et al. 
1997; Page and Charleston 1998; Page 2003; Hughes et al. 2007 and reviewed in 
Brooks 1985; Klassen 1992; Choudhury et al. 2002). As far back as 1913, Fahrenholz 
made the observation that:   
 
…generally one will find on hosts of the same species, parasites of the 
same species and on hosts of different species, the parasites will diverge 
from one another to the same degree that their hosts are related… 
 translated from German after Klassen, 1992 
 
“Fahrenholz’s rule” therefore predicts the parasite phylogeny should mirror that of the 
host, and this rule has been a basis of defining host evolutionary relationships based on 
parasite affiliations (Kellogg 1913b; Kellogg 1913a, reviewed in Barker 1994  and 
Hoberg et al. 1997). Recently, the use of molecular phylogenies has renewed interest in 
this field (Brooks 1981; Brooks 1985; Page 1994a; Page 1994b; Hafner and Page 1995; 
Hoberg et al. 1997; Page and Charleston 1998; Page 2003). A well-documented 
example of Fahrenholz’s rule is that of pocket gophers Geomyidae family, and their 
chewing lice, Trichodectidae spp (Hafner and Nadler 1988; Hafner and Page 1995). In 
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this seminal work, Hafner and colleagues showed that there was high congruence in the 
branching patterns of the phylogenies of the two groups as well as similar branch 
lengths, indicating that speciation of the hosts and parasites occurred at a similar time 
scale, which would suggest that speciation of one group resulted in speciation of the 
other (Hafner and Nadler 1988; Hafner et al. 1994; Hafner and Page 1995). Many other 
associations that have followed this rule have been documented between birds such as 
swiftlets, Collocalliinae spp (Page et al. 1998), procellariiform seabirds (Page et al. 
2004) and pelecaniformes (Hughes et al. 2007) and their chewing lice, as well as 
endosymbiotic gut bacteria and their insect hosts (Chen et al. 1999; Hosokawa et al. 
2006) and retroviruses and their vertebrate hosts (Martin et al. 2006). It has been 
suggested however, that pocket gophers and chewing lice are a special case of 
cospeciation (Barker 1994 but see Page et al. 1996) due to the asocial nature of these 
hosts, and therefore the limited contact between other putative host species. 
Understanding whether parasites have a shared evolutionary history to that of their 
hosts, or whether host-parasite affiliations are solely determined by ecological 
properties, is therefore an ongoing question in evolutionary ecology and could be useful 
in predicting the emergence of infectious diseases in novel hosts (Brooks and Hoberg 
2007). The overall aim of this study was therefore to look at whether host-parasite 
cospeciation occurs in a group of vector-transmitted blood parasites of birds.  
 
The extent of cospeciation between hosts and parasites is thought to be influenced by a 
number of factors, including host ecology and adaptation of the parasite to particular 
host traits. For example, in the pocket gopher and chewing lice system, the evolution of 
body size in the parasite is dependent on the evolution of body size in the host, with 
larger ectoparasites found on larger hosts (Morand 2000a). Similarly, cospeciation 
between chewing lice and their columbid hosts is limited by host and parasite body size 
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and is mediated by the selective effect of preening: lice of large bodied doves 
transferred to small-bodied species do not establish when birds are allowed to preen 
(Clayton et al. 2003). Less strict cospeciation has been observed in sphenisciform 
penguins and their Phthiraptera chewing lice (Banks et al. 2006) and in some cases no 
evidence for cospeciation has been found: for instance in Ramphastos toucans and their 
Austrophilopterus chewing lice (Weckstein 2004), or in teleost fish and their monogean 
parasites (Desdevises et al. 2002). In most cases where there has been little or no 
cospeciation it has been argued that different species breed, roost or exist in sympatry, 
thus allowing increased contact between hosts and parasites leading to increased 
opportunities for host switching events (Desdevises et al. 2002; Weckstein 2004; Banks 
et al. 2006).   
 
Dispersal has been shown to be of importance to microevolutionary processes such as 
local adaptation (Gandon et al. 1996; Holt 1997; Gandon 2002a; Dybdahl 2003; 
Morgan et al. 2005) but could also influence the extent of host-parasite cospeciation 
(Johnson et al. 2002; Clayton and Johnson 2003; Clayton et al. 2004). For example, 
Johnson and colleagues (2002) suggested that hippoboscid flies may play a role in 
transferring Bruelia lice from one avian host to another, thus preventing cospeciation 
between the hosts and parasites. In bird-parasite systems, parasite dispersal would be 
facilitated by host migration, which could influence the extent of adaptation to a 
particular parasite fauna in ecological time. The cospeciation process may therefore be 
markedly different in systems with migratory hosts compared to those with resident 
hosts. For example, a recent study across a wide range of avian taxa showed that there is 
little sharing of avian malaria parasites between European resident hosts and African 
hosts (Hellgren et al. 2007) despite a high prevalence of blood parasites in migrants 
(Waldenstrom et al. 2002; Scheuerlein and Ricklefs 2004; Hellgren et al. 2007). Such 
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observation could lead to the prediction that the immune system of long distance 
migrants would have to adapt to two evolutionarily distinct parasite faunas and that 
migratory parasites may not cospeciate as readily with their hosts.  
 
Dispersal could also be influenced by mode of transmission, especially in systems 
where there is involvement of a third group such as a vector (Clayton and Johnson 
2003). It is possible that vector preference and specificity can result in a range of 
possible cospeciation scenarios, or that cospeciation only occurs between the parasite 
and the vector as suggested by Jakes and colleagues (2003). Nonetheless, while the 
importance of a third group on cospeciation has been recognised, remarkably little is 
known about host parasite cospeciation in vector-transmitted parasites (but see Ricklefs 
et al. 2004). Recent studies of cospeciation between the avian malarial parasites 
Plasmodium and Haemoproteus and their hosts revealed equivocal evidence of 
congruence between the parasite and host phylogenies, reflected by restriction of 
parasite lineages to particular host clades (Ricklefs and Fallon 2002; Ricklefs et al. 
2004). There was significant evidence for cospeciation of malarial parasites from a 
range of avian families at a global scale (Ricklefs and Fallon 2002), but when 
geographically and phylogenetically restricted to New World passerines, the signal of 
cospeciation was much weaker (Ricklefs et al. 2004). This may be due to more recent 
host switching events that would conceal evidence of cophylogeny at the tips of the 
trees. Similarly, Taylor and Purvis (2003) found that even though pocket gophers and 
their chewing lice are a textbook example of cospeciation, the level of cospeciation in 
mammals as a whole is generally low. It is clear therefore, that studies of cospeciation 
must account for phylogenetic and geographic variation. 
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In this study, I use the vector-borne Leucocytozoa blood parasites and their avian hosts 
as a model system to test for host-parasite cospeciation. Like their close relatives, 
Plasmodium and Haemoproteus, Leucocytozoon parasites are very diverse, occurring in 
most avian families and can be found on all continents bar Antarctica (Valkiunas 2005). 
As outlined above, this phylogenetic and geographic variation has potentially important 
implications for cospeciation. Traditionally, as in the malarial parasites, Leucocytozoon 
parasites were thought to be host specific and often host affiliation was used alongside 
morphology to identify avian blood parasites (reviewed in Garnham 1966; Valkiunas 
2002). However, a recent study on Leucocytozoa showed that the relatively specific host 
preferences of blackfly vectors may explain why closely related parasites are found in 
more closely related hosts, and therefore this host-preference may hinder transmission 
between more distantly related hosts (Hellgren et al. 2008). More recent molecular 
studies have revealed a number of cryptic species of malaria and malaria related 
parasites such as Leucocytozoa occurring in a range of avian hosts (Hellgren et al. 2004; 
Hellgren 2005; Jones et al. 2005; Sehgal et al. 2006; Hellgren et al. 2007; Hellgren et al. 
2008; Merino 2008). This system, therefore, offers an excellent opportunity for 
investigating host-parasite cospeciation. 
 
I use this system to assess the importance of geography, phylogeny, and host migration 
in the cospeciation of Leucocytozoa and their avian hosts. My specific aims are to test 
for: (i) an overall signal of cospeciation between trees of avian hosts and Leucocytozoon 
parasites; (ii) the contribution of individual host-parasite links to the overall 
cospeciation pattern; (iii) the influence of migratory ability of the hosts on the outcome 
of cospeciation; and, (iv) evidence for host-specificity and generalism. To address these 
questions, I constructed phylogenies of hosts and parasites from molecular data. I then 
used a matrix-based approach to assess whether there was overall congruence between 
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the two phylogenies and to assess the strength of the individual links. I then explored 
my results to account for host dispersal and host-specificity. 
 
5.3 Methods 
5.3.1 Data collection  
Sequence data was downloaded from Genbank for 53 host species including 34 Old 
World passerines, 11 New World passerines, 7 Old World non-passerines and 1 New 
World passerine (Appendix Tables A.1 and A.2). Data was obtained from four protein 
coding mitochondrial DNA genes (ND2, C01, ND3 and Cytb) and each gene was 
aligned by eye by Gavin Thomas (see declaration at start of this thesis). The aligned 
sequences were concatenated into a single alignment with a total length of 4062bp. 
Each species had data for at least one of the four genes (Appendix Table A.1 for full 
details and accession numbers).  
 
For the parasite phylogeny, sequence data was obtained from Genbank and from 
lineages obtained in the earlier chapters of this thesis. The parasite alignment was based 
on sequence data from a portion of the mitochondrial Cyt b gene of 97 Leucocytozoon 
parasite species (see Appendix Table A.2 for full details). A partial alignment of some 
of the lineages was obtained from Olof Hellgren (see declaration at start of this thesis) 
and I added the remaining sequences and aligned them by eye in Se-Al v. 2.0 (Rambaut 
2002). The full analysis had included an association matrix of 141 host-parasite links 
(Appendix Table A.3).  
 
5.3.2 Phylogenetic analyses 
Phylogenetic reconstructions are essential tools for the understanding of species 
relationships and a range of analytical tools have been developed to build such trees 
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(Felsenstein 2004a). Bayesian phylogenetic reconstructions were implemented in 
BEAST v.1.4.7 (Drummond 2007) for all host sequences and all parasite sequences. 
The XML input file was assembled in BEAUti v.1.4.7 (Drummond 2007). I used a 
General Time Reversible (GTR +I +#) model of DNA substitution which takes into 
account the fact that some sites are conserved and therefore never undergo change in the 
rate of molecular evolution whereas others, are allowed to vary at a rate $ (Felsenstein 
2004b).  In addition, I partitioned the rate of substitution across codon positions into 
(1+2) +3, to account for the redundancy in the genetic code of the third codon position, 
which may attain a higher substitution rate (Shapiro et al. 2006). The absolute time 
frame of the phylogeny is not critical for subsequent cospeciation analyses so I did not 
calibrate the tree and fixed the mean substitution rate at 1.0 (and therefore the rate of 
substitution of internal nodes was fixed to substitutions/site). I used an uncorrelated 
lognormal relaxed molecular clock model (Drummond 2006) with a Yule speciation 
tree prior, which assumes a constant speciation rate per lineage. 
 
Four independent chains of 25 million generations (for the hosts) and 30 million 
generations (for the parasites) were run, with trees being sampled every 10 000 
generations. The importance of running independent chains is to assess that the runs 
converge on the same posterior distribution and avoid convergence on a locally 
optimum likelihood surface. The four separate runs were inspected in TRACER v.1.4 
(Rambaut 2007) in order to assess convergence and estimate the burn-in. Convergence 
was determined by visual examination of the plots and estimates of effective sample 
size (ESS), with ESS over 200 for each parameter indicating that the run had converged.  
After discarding the burn-in for each chain, I compared the four traces and found that 
for both the hosts and parasites, one out of the four traces had converged at a local 
optimum. This run was subsequently removed from further analysis. After removing the 
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burn-in, the log and tree files were combined using LOGCOMBINER v.1.4.7 
(Drummond 2007). 
 
5.3.3 Analysis of Cospeciation 
A plethora of phylogenetic techniques are available for the study of cospeciation 
(reviewed in Page 2003). A lot of methods are based on assigning costs to a range of 
coevolutionary events such as duplication, host switching and sorting events (reviewed 
in Page and Charleston 1998; Page 2003). Incongruence between host-parasite trees can 
be interpreted as host switching or as a combination of the above events without any 
host switching (Page and Charleston 1998; Paterson and Banks 2001). A problem with 
these techniques, however, is that they were originally designed for the ‘one host-one 
parasite’ scenario and when faced with multi-host parasites, the problem becomes too 
computationally intensive to provide an optimal solution (Legendre et al. 2002). A new 
method, Parafit, is a statistical technique of resolving the associations between host and 
parasite trees and testing for a signal of cospeciation: the null hypothesis is that there is 
no a priori congruence between the two sets of trees (Legendre et al. 2002). This is 
important because a null hypothesis of congruence could overestimate the number of 
cospeciation events (Legendre et al. 2002). This method can account for multi-host 
parasitism and is less sensitive to phylogenetic uncertainty than other cospeciation 
methods. This analysis could also be done based on patristic distances between the data, 
although it has been shown that consideration of the tree topology improves resolution 
(Legendre et al. 2002; Hughes 2007).  
 
I conducted cospeciation analyses using the software Parafit (Legendre et al. 2002), as 
implemented in the software package COPYCAT (Meier-Kolthoff et al. 2007) to test 
the null hypothesis that the parasites infect hosts at random. I chose this method because 
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it can account for multihost parasitism and phylogenetic uncertainty (Legendre et al. 
2002). In the cases where there is phylogenetic uncertainty, the assumption that the trees 
analysed are the true trees is violated and therefore,analyses should be conducted across 
multiple trees (Page 2003). For this reason, twenty-five host and parasite trees were 
randomly selected from the posterior distributions of the respective host and parasite 
trees and randomly paired up to each other. The posterior probability for each node of 
each randomly selected tree was calculated by importing the tree into TreeAnnotator 
v.1.4.7 (Drummond 2007), along with the other trees from the posterior tree 
distribution. This was done to ensure that the ensuing results of the cospeciation 
analyses were not influenced by phylogenetic error. 
 
The inputs for each of the analyses were a host-parasite association matrix (0= absence 
of host-parasite link, and 1= presence of link), and genetic distance matrices for the 
hosts and parasites, respectively. Genetic distance matrices were calculated from the 
host and parasite phylogenies. The wrapper AxPCoord in COPYCAT was used to 
convert the distance matrices into principal coordinates representing each of the 
phylogenetic trees. The Parafit wrapper in CopyCat was then used to calculate the 
fourth corner matrix (ParafitGlobal), a single matrix describing the host-parasite 
association based on the previous three matrices describing the association,  
 
ParafitGlobal = trace(CA"B)   (Eq 5.1) 
 
where C is a matrix of principle coordinates describing the host tree, B  is a matrix of 
principle coordinates describing the parasite tree and A is the presence/absence matrix 
of host-parasite associations. 
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To calculate the null distribution for the global trace statistic, for which the value of the 
statistic can be tested against to assess congruence, the association matrix was randomly 
permuted in order to represent random combinations of host-parasite links, whilst still 
maintaining the correct number of associations (see Fig 1.2 for further details). The 
global trace statistic was calculated for the random association matrix and this process 
was permuted 999 times to provide a null distribution for significance testing. A test of 
the individual host-parasite links was also then conducted. This test was based on the 
hypothesis that if a link contributed significantly to the global trace statistic, once 
removed (ie, a 1 was changed to a 0) then the value of the global trace statistic would be 
significantly reduced. The test of the individual link is therefore whether the difference 
in the global statistic is greater than expected by chance. As with the global statistic, this 
was tested with 999 permutations (see Legendre 2002). 
 
To assess the relative importance of sampling of particular large geographic and/or 
taxonomic grouping, four separate analyses were conducted each from increasing to 
decreasing level of phylogenetic and geographic detail: (i) global analysis: all host-
parasite links, irrespective of geography; (ii) global passerine analysis: all passerine 
hosts and their associated parasites; (iii) Old World analysis: all host-parasite links in 
the Old World (Europe, Middle East and Africa); and (iv) Old World passerine analysis: 
all passerine hosts and their associated parasites from the Old World. 
 
After each of the twenty- five runs, the global trace statistic along with the number of 
positive host-parasite links was recorded. For each analysis, the output files were 
combined and the mean, median and the range of p-values for each link was calculated, 
along with the proportion of coassociating links out of 25 runs (see Appendix Table 
A.4). To determine whether 25 runs were sufficient to give a representative p-value for 
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each of the links in the association, the coefficient of variation (CV) describing the 
differences of each of the p-values as more runs were performed was calculated. As 
there were 25 runs, 24 CVs were calculated, the first one being the standard deviation of 
the first two p-values divided by the mean of the first two p-values and the latter being 
the standard deviation of all 25 p-values divided by the mean of all p-values. The 
absolute differences in CV were then plotted to establish that 25 runs were sufficient, 
with the expectation that if this were to be the case, the change in CV would converge 
after a few runs.  
 
5.3.4 Cospeciation, host migration and range size 
Analyses were conducted to test the importance of host dispersal on the likelihood of 
cospeciation. Hosts were split into three categories: migrants, partial migrants and 
residents to determine the effect of host migration on host-parasite cospeciation. Each 
host-parasite link was coded as a "1" if it was cospeciating and as a "0" if not. The 
successes and failures were analysed as proportion data in a Generalised Linear Model, 
with the logit link function and a quasibinomial error structure, to account for over-
dispersion in the data. Factor level reduction was then carried out so as to assess 
whether there was a significant difference between migration types (Crawley 2007).  
 
5.3.5 Were generalist parasites clustered in the parasite phylogeny? 
In previous studies, host specificity was sometimes taken as evidence of cospeciation 
(reviewed in Hoberg et al. 1997), however recent work has shown that this is not 
necessarily the case (Desdevises et al. 2002; Clayton and Johnson 2003). Host 
generalism of a present day parasite does not imply that the ancestral parasites were also 
generalists (Clayton 2003). In this study, there were twenty-three multihost parasites, so 
I was able to look at whether generalists were over or under-dispersed with respect to 
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the host phylogenies. Generalist parasites were defined in two ways: i) parasite lineages 
that were found to infect more than one host species and ii) parasite lineages that 
occurred in more than one avian family. Three methods were used to assess the extent 
of phylogenetic over/under dispersion of generalists in the parasite phylogeny: mean 
phylogenetic distance (MPD), phylogenetic diversity (PD) and the mean nearest 
neighbour distance (MNND). Generalist parasites were coded as “1”s and specialists as 
“0”s. MPD is a standard clustering measure to determine how phylogenetically over or 
under-dispersed communities are and is based on the mean phylogenetic distance 
between pairs of species with a particular trait in a phylogeny (Webb et al. 2002). The 
PD is the mean sum of branch lengths in the tree when each species is subsequently 
pruned and is a measure of shared evolutionary history (Faith 1992). MNND is a 
measure of the similarity of a particular species to other members of the community and 
has been used in ecological studies of community assembly (Daniel 2004; Stubbs 
2004). In terms of assessing the similarity in the context of phylogenetic communities, 
the MNND is the phylogenetic distance between nearest neighbours on the phylogeny, 
and for each tree, is calculated as the mean for each species in the tree. The advantage 
of using all three measures is that MNND captures effects at the tips of the phylogeny 
and whether closely related species can coexist, whereas MPD and PD reflect whether 
these community assembly rules hold across the whole tree (Faith 1992; Webb et al. 
2002).  
 
The three indices of phylogenetic dispersion (MPD, PD and MNND) were calculated 
across all 8326 trees of the parasite posterior distribution and a median value was 
obtained. To assess whether the values were over/under dispersed or random, 1000 
randomisations were conducted. Trees were selected from the posterior distribution and 
then 23 species (the number of parasite lineages infecting more than one host species) 
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were randomly sampled and the random distribution of MPD, PD and MNND were 
calculated. To determine whether the actual values deviated from random the upper and 
lower 2.5% quantiles of the random distribution were calculated. Values below the 
minimum would be classed as phylogenetically over-dispersed and values above, as 
phylogenetically under-dispersed. This process was repeated for the second analysis, 
sampling 14 species (the number of parasite lineages infecting more than one host 
family).  
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5.4 Results 
5.4.1 Phylogenetic reconstruction 
There was good evidence that the trees for both hosts and parasites had converged at a 
global optimum. After combining the three traces that had converged in the same 
phylogenetic space, the ESS values for the combined parameters for the parasite trees 
were greater than 500, with the ESS values for the posterior probabilities and likelihood 
being greater than 1000 (values >200 indicate convergence). Similarly, the combined 
traces of the host trees had ESS values of over 700 for all parameters, with those for the 
posterior probabilities and likelihood being over 3000. Figures 5.1 and 5.2 show the 
maximum credibility phylogenetic tree from the posterior distribution of the hosts and 
parasites, respectively. The host tree retained most major taxonomic groupings, despite 
there not having been imposed a priori constraints. The parasite tree was less well 
resolved at the deeper nodes, but was relatively well resolved at the tips.  
 
5.4.2 Host-parasite cospeciation 
There were a total of 140 host parasite links (Figure 5.3, Appendix Table A.3). All 25 
repeats of each analysis yielded a significant Parafit global trace statistic (Table 5.1 and 
Appendix Table A.4, p = 0.001) with approximately 40 per cent of the individual links 
significantly changing the global statistic when removed (Figure 5.3, Tables 5.1 and 
5.2, and Appendix Table A.5). For all links, 25 runs were sufficient to result in a 
consensus p-value for each of the links (see Figure 5.4). These results show that there 
was overall congruence between the two phylogenies, and that this was due to 
cospeciation in 40% of the links. 
 
The results of the sub-analyses, conducted on the Old World parasites and hosts alone, 
were broadly similar to the global analyses; a link did not go from being non-significant 
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in the global analysis to significant in the Old World analysis. On the other hand, sub-
analyses based on the finer taxonomic scale of passerine hosts and their parasites, often 
gave results different to the global analyses. Specifically, when I corrected for sampling 
biases in terms of phylogeny, 12 out of the 124 links (~10%) went from being non-
significant in the global passerine and non-passerine analysis to being significant in the 
global passerine analysis (Table 5.1 and Appendix Table A2.4). The overall proportion 
of links that were significant however, did not change, and this was due to some 
marginally significant links becoming marginally non-significant (Appendix Table 
A2.4).  The associations between and L_CAP3 and its two distantly related hosts Tetrao 
tetrix, the black grouse and the African thrush, Turdus pelios is worth noting here, as it 
was significant in the global analysis in the grouse and not the thrush, but in the 
passerine restricted analysis was significant in the thrush, indicating the importance of 
consideration of scale, both geographical and phylogenetic scale. This was the only 
parasite that was found in both passerine and non-passerine hosts. 
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Figure 5.1 Host maximum clade credibility tree. This tree was most credible tree 
from posterior distribution of host trees. Numbers indicate the posterior probability of 
each node. Scale bar is proportional to time assuming a relaxed molecular clock. 
Accession numbers of sequences used outlined in Appendix Table A2.1 
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Figure 5.2 Parasite maximum clade credibility tree. This tree was obtained from 
posterior distribution of parasite trees. Numbers indicated posterior probabilities of each 
node. Scale bar is proportional to time assuming a relaxed molecular clock Parasite 
names and sources of samples are detailed in Appendix Table A2.2. 
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Figure 5.3 Cospeciation between avian Leucocytozoa and their avian hosts. Green lines 
indicate links where there was significant evidence of cospeciation between hosts and 
parasites. Red lines indicate associations that were not significant. Host families were 
colour coded (see legend). Yellow shading indicates hosts and parasites derived from the 
New World.  
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Figure 5.4 Predicted model effect of difference in CV against number of runs. Results 
from a Generalised Additive Model showing the predicted model effect of difference in the 
coefficient of variation as replication increases, plotted against the number of runs (from 
the model output the smooth term of number of runs). From correlates with % change in 
CV with approximate significance of smoothed term of replication being F= 95.1, d.f= 8.70 
and p <0.0001. 
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Table 5.1 Summary of results of global analyses for cospeciation. For each of the 25 repeats of each analysis, the number of links 
included, along with number of hosts and parasites.  The median global trace statistic along with its associated significance is specified 
and the proportion of links out of the total that were contributing significantly to the overall trace statistic were noted. The range of the 
observed values from each of the 25 analyses is specified in brackets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis 
No 
links 
No 
hosts 
No 
parasites 
median 
global trace 
p value 
median prop 
links positive 
Global 140 53 97 
3.54 (1.75-
5.54) 
0.001 
0.43 (0.35-0.47) 
 
Global 
passerine 
124 45 85 
0.77 (0.46-
2.00) 
0.001 
0.39 (0.33-0.55) 
 
Old 
World 
120 41 84 
3.37 (1.65-
5.01) 
0.001 
0.43 (0.36-0.50) 
 
Old 
world 
passerine 
105 34 73 
0.6 (0.33-
1.68) 
0.001 0.40 (0.36-0.51) 
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5.4.3 Cospeciation, migration and range size 
In the global analysis, sedentary hosts and partial migrants had a significantly higher 
proportion of cospeciating parasites than migrants (from global analysis, GLM: t=3.66, d.f= 
51,, p= 0.00061, Figure 5.5).  Partial migrants and residents did not harbour a significantly 
different number of parasites to migrants (from factor level reduction: F=0.71,  p=  0.71,). 
For Old World species, residents had a significantly higher proportion of cospeciating 
lineages than migrant species that migrate between Europe and Africa (from GLM: t= -
3.428, p=0.0015). For all four geographically and phylogenetically divided analyses, 
resident and partial migrant hosts harboured up to five times more cospeciating parasite 
lineages than non-cospeciating lineages (see Table 5.2).  
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Table 5.2 Proportion of cospeciating parasites harboured by the hosts. Hosts were split into the three dispersal classes: migrants, 
partial migrants and resident birds, t and p-values are from binomial GLM (see methods) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Proportion of cospeciators  Analysis 
migrants partial migrants residents 
 
t 
 
p 
Global, all hosts 0.12 0.57 0.63 3.66 0.0006 
Global passerines 0.06 0.57 0.55 3.35 0.0017 
Old World, all 
hosts 
0.10 0.62 0.70 3.79 0.0005 
Old World 
passerines 
0.06 0.61 0.60 3.383 0.0019 
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Figure 5.5 Proportion of parasites cospeciating with the hosts of three dispersal 
classes. Hosts were split into three categories, based on dispersal behaviour: migrants, 
partial migrants and residents. Error bars are + the geometric mean and results here 
include all hosts. p-values and sample sizes indicated on plot. 
 
5.4.4 Is there phylogenetic over/under-dispersion of generalist parasites? 
Twenty-three parasite species were found in more than one host, of which nine were 
found in hosts from the same host family (L_REB10, C103, C105, ChL3, GE066, 
L_BT1, L_PARUS4, L_SYBOR7 and L_SYBOR8) and 14 were able to manipulate hosts 
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from multiple host families (ChL2, L_BT2, L_CAP1, L_CAP3, L_REB11, L_REB6, 
L_REB7, L_REB8, L_RECOB3, L_RS3, L_RS4, L_SYBOR6, L_WW6 and L_YMWD1). 
When generalists were defined as being specific to the family level, using PD as the 
measure of phylogenetic diversity, there appeared to be clustering (Table 5.3). However, 
this was not the case when using MPD and MNND and was also not the case when 
generalists were defined more broadly as parasites infecting multiple host families 
(Table 5.3).  
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Table 5.3 Summary of clustering indices for a) family specific and b) non-family specific parasites. Results show the median indices 
based on the distribution of generalist parasites across the entire posterior distribution of host trees and the upper and lower ranges of 
random distributions of parasites on 1000 randomly generated host trees.  PD= phylogenetic diversity, MPD= mean phylogenetic distance 
and MNND= mean nearest neighbour distance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) Family specific (b) Non- family specific 
Index median 2.5 percentile 97.5 percentile median 2.5 percentile 97.5 percentile 
PD 0.446 0.486 1.291 0.342 0.330 0.910 
MPD 0.093 0.087 0.196 0.098 0.082 0.198 
MNND 0.041 0.020 0.085 0.049 0.021 0.110 
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5.5 Discussion 
This study has revealed strong evidence for cospeciation between a group of vector-
transmitted parasites and their avian hosts.  Using a powerful, method that does not rely 
on the host and parasite trees being fully resolved, and by performing multiple runs of 
the analysis using a subset of random trees from the posterior distribution, four main 
findings emerged. First, the overall congruence between the two phylogenies was highly 
significant, as indicated by the significant global trace statistic. Secondly, congruence 
between the host and parasite phylogenies mainly occurred where hosts were sedentary 
or partial migrants. Third, accounting for potential phylogenetic and geographic effects, 
approximately 40% of the parasite links showed significant congruence to the host 
phylogeny and restricting the overall analysis to exclude the non-passerines made some 
individual links significant. Finally, I also found that restricting the geographical scale 
did not alter the main biological conclusions.  
 
The key test for global cospeciation was highly significant for all analyses, indicative of 
a strong signal of host and parasite tree congruence. This was in contrast to recent work 
on avian malaria that used the same method and found a non-significant Parafit trace 
statistic (Ricklefs et al. 2004), indicating that at least Plasmodium and Haemoproteus 
may not cospeciate as readily with their hosts. Although Ricklefs et al. (2004), did not 
find a significant overall signal of cospeciation, they did find affiliations with particular 
host taxonomic groupings along with evidence for host switching. In my study, 
improved taxonomic resolution increased the signal of cospeciation of some links, and 
marginally reduced others to just above the significance level, indicating that at least 
accounting for major taxonomic splits of the hosts improved the resolution of the 
analysis. However, improved geographic resolution did not have an effect on the main 
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biological conclusions, implying that taxonomic affiliations are stronger than 
geographic ones. 
 
The significant cophylogenetic structure was due to 40% of individual links 
significantly contributing to the global cospeciation statistic. Consistent with the results 
of Ricklefs et al. (2004), I found that most parasites that infect more than one host are 
broadly cospeciated with particular host families.  For example, parasites ChL2 and 
ChL3 cospeciated with 3 hosts belonging to the Fringillidae but not with hosts from the 
closely related Certhiidae and Tyrannidae. Similarly, REB11 cospeciated with 6 
members of the Ploceidae but not with any members of the Cisticolidae or 
Zosteropidae. An exception to this trend is L_CAP1 which occurs in the non-passerine 
host Tetrao tetrix as well as the Old World passerine Phylloscopus trochilus.  
 
Dispersal has been shown to affect both microevolutionary processes such as local 
adaptation (Gandon et al. 1996; Kaltz 1999; Oppliger et al. 1999; Gandon 2002a; 
Morgan et al. 2005) and macroevolutionary processes, such as cospeciation (Clayton, 
2003, 2004; Johnson et al. 2002). My findings suggested that host migratory behaviour 
can have a large effect on whether cospeciation events occur, with migratory host 
species harbouring a significantly lower proportion of cospeciating parasites, than 
partial migrants and resident hosts.  Previously, Hellgren and colleagues (2007) showed 
that there was little sharing of Leucocytozoon parasites between African and European 
residents: long distance migrants would therefore encounter two evolutionarily distinct 
parasite faunas and may not become involved in a coevolutionary armsrace with either. 
On a larger scale, this could have effects on macroevolutionary phenomena.  
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The partial migratory hosts included in this study are bird species that undertake 
migratory movements, but that winter usually in temperate climates, in places where 
there would not be much opportunity for winter transmission due to a lack of vectors 
(but see Perez-Tris et al. 2005). As a result, they may be exposed to a single parasite 
community and therefore local adaptation would be possible). Over a long-enough time 
scale, this could result in the signal of cospeciation obtained in this study. Another 
explanation for the lack of cospeciation betwen migrant host and their parasites might 
be that parasites adapt to hosts that are more available.  This would predict that as 
African residents would be available to local parasites for most of the year, they may be 
expected to harbour a higher number of cospeciating parasites than long distance 
migrants. In Europe, this would not be the case as the transmission period is the same 
for both residents and migrants. If the geographic location of each parasite lineage 
within the Old World was known, this could be easily tested, but this is beyond the 
scope of the data currently available .  
Traditionally, some taxonomists have used host association alongside morphology as a 
taxonomic character (Garnham 1966). In this study however, there was evidence of 
cospeciation in less than half of host-specific parasite lineages: 36 non-cospeciating 
one-host-one-parasite interactions, as opposed to 31 cospeciating.  It may be that some 
parasites are indeed host specific, and that the only reason that blood parasites do not 
exist in alternative hosts is because of the lack of ecological opportunity. However, this 
would strongly depend on vector availability and vector preference, which has been 
shown to be important in the bird-Leucoctyozoon host-parasite system (Hellgren et al. 
2008). Jakes et al (2003) suggested that parasites are cospeciating with the vectors and 
not with the hosts; however, a larger amount of molecular data from vectors would have 
to be obtained to test this. Alternatively, it could be that some examples of host 
Cospeciation between Leucocytozoa and their avian hosts                            Chapter 5 
 
 137 
specificity in this study are sampling artefacts, as the more intensively a group of hosts 
is studied, the more parasites are found and therefore understudied species may be 
underrepresented (Poulin 2007).  
 
This study shows the importance of conducting cospeciation analyses across multiple 
trees, when the phylogenetic relationships are not fully resolved and across different 
taxonomic and geographic scales. For example, with one combination of starting trees, 
the proportion of links positive was as low as 35% of the total, but with another, the 
proportion of links positive was as high as 50% (see Appendix Table A2.4). As runs 
increase however, there is convergence and a representative median p-value for each 
link is attained (Appendix Table A2.5).  
 
I found that several parasites were generalist with respect to host species in which they 
were identified. After performing analyses to assess whether generalists were clustered 
in the parasite phylogeny using the measure of phylogenetic diversity, I found partial 
evidence that generalism was correlated with the evolutionary history of the parasites. 
Taken together however, the results of all the community clustering measures revealed 
that there was no convincing evidence that generalist parasites were more 
phylogenetically related, implying that the evolution of  ‘generalist’ parasites would 
have occurred multiple times in this system. It is worth noting however, that as this 
analysis is based on presence/absence of parasites in hosts without prevalence estimates, 
the generalists may represent ‘spill-over events’, ie, shifts from one host to another; 
therefore, the host the parasite was found in may not be the main amplifying host. In 
future, such analyses of host specificity should include data on prevalence, intensity of 
infection, and the host-parasite affiliations should be thoroughly sampled (Poulin 2007).  
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Various epidemiological frameworks have been used to identify emerging pathogens of 
humans and wildlife (Daszak et al. 2000; Dobson and Foufopoulos 2001; Fenton and 
Pedersen 2005). In this study, it may be that non-significant links between hosts and 
parasites represent recent spill-over events: an apparent lack of cospeciation could be 
the result of a recent host shift. Brooks et al. (2007) suggested that hosts and parasites 
with high dispersal are the main source of emerging infectious diseases, consistent with 
the results presented here. In the past, the use of molecular and phylogenetic techniques 
have been informative in describing the evolutionary time-scale of rabies virus 
adaptation to North American bats (Hughes et al. 2005) and the emergence of Ebola 
virus (Wittmann et al. 2007). However, predictions from these comparative studies 
should be treated with caution because avian malaria parasites, at least, can survive in 
sub-optimal hosts (Valkiunas 2005), and it is therefore possible that their detection in 
such hosts is of no ecological or evolutionary relevance. For this reason, experimental 
infections of a range of hosts and the development of more quanitative PCR techniques 
for particular parasites, that allow the parasitemia to be measured would help identify 
which species act as primary hosts (Palinauskas et al. 2008; Zehtindjiev et al. 2008). I 
suggest cophylogenetic analyses could help inform whether particular animal or plant 
pathogens are likely to pose a future problem.  
Taken together, my results highlight that cospeciation processes do occur between a 
group of vector-transmitted parasites and their hosts: this however, is not ubiquitous 
across links and the phylogenies do not strictly follow Fahrenholz’s rule. Increasing 
phylogenetic resolution improves the signal of cospeciation in some links, although 
increasing geographic resolution does not and conducting analyses across multiple trees 
increases the validity of the results. This is the first study to show convincing evidence 
that migration of the host can affect the cospeciation process on a macroevolutionary 
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scale. Furthermore, such comparative cophylogenetic studies, in conjunction with 
molecular and epidemiological studies, could be a useful tool in detecting parasite spill-
overs and predicting the emergence of pathogens in novel host species.  
 
General Discussion                                                                                          Chapter 6  
 
 140 
 
6. General Discussion 
 
Both theory and experimental evidence show that parasites can play a key role in the 
regulation of host populations (May and Anderson 1978; Anderson and May 1981; 
Dobson and Hudson 1986, 1992; Hudson et al. 1992). In this thesis, I undertook an in 
depth study of a group of largely understudied parasites of birds, the Leucocytozooa and 
I aimed to look at their effects on the fitness of breeding hosts, how they varied 
seasonally and geographically and whether they cospeciated with their avian hosts. In 
particular, I was interested in the role of infection identity and the role of dispersal.  
Here I will weave together the main results and conclusions and suggest where research 
in this field needs to focus to extend the results presented in this thesis. 
 
6.1 Effects of Leucocytoza on a population of breeding blue tits 
This study showed that Leucocytozoon parasites had effects on the reproductive success 
of blue tits, measured as mean chick condition a few days before fledging in agreement 
with other studies on effects of avian blood parasites on breeding birds (Korpimaki et 
al. 1993; Gustafsson et al. 1994; Norris et al. 1994; Richner et al. 1995; Allander 1997; 
Oppliger et al. 1997; Nordling et al. 1998; Marzal et al. 2005 and Marzal et al. 2008). 
The number of infections, in particular was important, with mixed infections having a 
larger negative effect than single infections, particularly in older birds. This is 
consistent with results on Haemoproteus and Plasmodium infection by Marzal and 
colleauges (2008) who showed that overwintering survival of birds infected with 
multiple lineages was significantly lower than uninfected birds or those infected with a 
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single lineage consistent with a ‘terminal investment’ strategy (Williams 1966; Stearns 
1992). 
 
I also found that the identity of parasite lineage was an important factor in determining 
brood quality, and in particular, in interaction with female condition and hatch date. 
There was an indication that female infection with lineage IPARUS4 was significantly 
worse than infection with lineage C103. This is consistent with results on human 
malaria showing that some lineages may be more virulent than others, for example 
Plasmodium vivax has been shown to be less harmful than Plasmodium falciparum 
(Mackinnon and Read 2004). As far as I am aware, previous studies have not looked at 
the effect of identity of infection on fitness costs in the avian malaria system. Therefore, 
these results show that consideration of both diversity and identity of infection, even 
within a specific group of parasites is crucial to our understanding of the effects of 
infection on breeding host populations. 
 
My findings that Leucocytozoa have effects on breeding hosts implies that these 
parasites are virulent and pose a fitness cost to the breeding host (Williams 1966). This 
is interesting because, other field studies have failed to find an effect of avian blood 
parasites on host populations (Weatherhead 1990; Edler 2004). A reason for this could 
be that some infections are chronic, existing at low parasitaemias, and therefore may not 
have effects at the time of sampling, but may have effects when parasitaemias are high, 
for example during breeding and moult (Valkiunas 2005). In addition, field studies may 
be biased in terms of sampling only ‘healthy’ individuals or those with secondary 
infections (reviewed in Bensch 2007), so it may be that the individuals sampled have 
low intensity infections and those that are not sampled carry very high intensity 
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infections, that have resulted in their death. For this reason, quantification of the 
intensity of infection by individual lineages, for example, by means of quantititative 
PCR techniques, would be invaluable (Palinauskas et al. 2008; Zehtindjiev et al. 2008). 
Such molecular tools, however, have not been developed, at least for the Leucocytozoa, 
but have for certain lineages of Plasmodium parasites (Palinauskas et al. 2008; 
Zehtindjiev et al. 2008). As well as quantification of parasite load, it would also be 
possible to infer virulence from clinical effects such as anaemia or loss of body mass, as 
has been done in the rodent malaria system, Plasmodium chabaudi (Taylor et al. 1998; 
Read and Taylor 2001; de Roode et al. 2005; Bell et al. 2006). However, this can be 
difficult to measure in the field. To address this issue, isolation of particular lineages, 
followed by infection of naïve host individuals, would further our understanding of the 
virulence of particular lineages.  
 
6.2 Seasonal variation in parasite dynamics 
The effect of parasites on host populations may be mediated by extrinsic drivers, such 
as the environment and seasonality in transmission (Fine, 1982; Gulland, 1992; Altizer 
2004; Cattadori, 2005; Cosgrove, 2008). Theory predicts that such interactions could 
result in changes in the population (Dobson and Hudson 1992; Hudson et al. 1992; 
Cattadori 2005) and evolutionary dynamics of the system (Altizer 2004; Mitchell et al. 
2005; Altizer et al. 2006). In Chapter 3, I investigated the role of seasonality in the bird-
Leucocytozoon system. I undertook an extensive sampling regime across three years, in 
a host population of the blue tit and compared the dynamics of both overall prevalence 
and individual lineage prevalence to the Beaudoin model (1971) that has been proposed 
to explain the seasonal patterns of prevalence of avian malaria. I found that overall 
prevalence of the parasites tended to follow the Beaudoin model (1971) with overall 
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parasite prevalence peaking during breeding, presumably due to spring relapse of 
chronic infections, and remaining high throughout the summer, presumably due to 
transmission. When I examined individual parasite lineages however, I found that only 
one lineage in the population followed the Beaudoin model and that the others displayed 
idiosyncratic dynamics. This suggests that these host-parasite interactions are highly 
dynamic and vary across different lineages of parasite, even within a single host 
population. This is important, as seasonal and annual change in the genetic composition 
of the parasite assemblage could alter the composition of the host-parasite interaction, 
which could affect the nature and strength of selection (Mitchell et al. 2005) and 
coevolution (Thompson 1994). In turn, this could have effects on virulence evolution 
(May and Anderson 1983), population dynamics of the host (Anderson and May 1981; 
McKenzie et al. 2001) and  result in variation in the immune alleles of the host (Forsyth 
1988; Gupta 1994). 
 
Due to the relatively short time scale of three years of my project, it was not possible to 
ascertain the detailed long-term dynamics of the system, although strong year effects 
were also found. Other researchers have shown that some parasite communities can be 
stable over time (Schall 2000; Fallon et al. 2004), whereas in other systems such 
complicated dynamics can result, not only in seasonal cycles, but in marked changes in 
inter-annual dominance and composition of the parasite fauna (Bensch 2007). It would 
be interesting to see if such events occur in the bird-Leucocytozoon system presented in 
this study, as such long-term investigation is invaluable to our understanding of the 
nature of host-parasite coevolution and the long-term population dynamics of the host.  
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6.3 Biogeographic variation 
The fact that Leucocytozoa had fitness effects on breeding birds was important, as it 
implies that these parasites could be considered to be virulent (Williams 1966), and the 
fact that there is seasonal variability in this system has important implications for the 
nature of the strength of selection (Mitchell et al. 2005). Virulence is one of the pre-
requisites for local adaptation of the parasite to the host. If there is local adaptation, the 
prediction is that certain parasite genotypes are more prevalent at certain times than 
others in some host populations than others, and that there should be geographic and/or 
genetic structuring in parasite populations across the host range (Thompson 1999; 
Thompson and Cunningham 2002; Thompson 2005). 
 
In Chapter 4 of this thesis, I looked for evidence of geographic and genetic structuring 
of Leucocytozoa across European populations of two resident species: the blue tit, 
Cyanistes caeruleus and the great tit, Parus major. As these birds are sedentary (Perrins 
1979; Cramp 1993), one may expect geographic structuring in the parasite assemblages 
(Fallon et al. 2003a, 2005). The results of this study showed that there was no evidence 
for geographic or phylogenetic structuring of these parasite populations, typical of the 
macroecological phenomenon of a positive correlation between range size and local 
abundance (Hanski 1982; Brown 1984; Gaston and Blackburn 1996; Gaston 2000; 
Freckleton 2005, 2006). Taken together, these results suggest that, despite sampling 
non-migratory hosts, there was dispersal between locations, either due to greater 
migration of hosts and/or vectors, but probably due to the broad host range of some of 
the lineages, for example they may have been spillovers from migratory hosts.  
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Understanding the geographic and phylogenetic structuring of the parasites is a first step 
in the understanding of the microevolution of this system. To understand whether local 
adaptation occurs in this system, however, infection experiments are needed, with cross-
infections of naïve birds from the same parasite obtained from different locations 
(Lively 1989; Ebert 1994; Kaltz 1999; Oppliger et al. 1999; Lively et al. 2004; Koskella 
and Lively 2007). For this to be possible, techniques for the isolation of individual 
Leucocytozoon lineages would have to be developed. Nonetheless, cross-infection 
experiments would be difficult to conduct in the wild for various reasons: (i) birds may 
be already infected with other lineages, so the effects of mixed lineage infection will be 
difficult to disentangle (Zehtindjiev et al. 2008); (ii) retrap rate of birds may be low, so 
such studies may be limited by the number of individuals retrapped; (iii) external 
transmission by vectors cannot be excluded and thus the problem of mixed lineage 
infections would also arise (Zehtindjiev et al. 2008). Perhaps a compromise would be to 
conduct such infection experiments on captive hosts in the laboratory or in a vector-
proof aviary in the field. Ideally, to test for local adaptation in this host-parasite system, 
allelic variation of the immune system of the host should be studied. 
 
Advances in laboratory techniques could also help elucidate the nature of geographic 
structuring in parasite populations. For example, microsatellite markers of the human 
malaria parasite, Plasmodium  falciparum have revealed complex geographic structure 
structuring in some places, depending on transmission intensity (Anderson et al. 2000). 
Furthermore, advances in the understanding of the host immune system would be 
invaluable. For example, recent work, on the house sparrow, Passer domesticus, has 
shown that between populations where there is little geographic variation at neutral 
markers, populations harbour lineage-specific MHC type I alleles (Westerdahl et al. 
General Discussion                                                                                          Chapter 6  
 
 146 
2005; Bonneaud et al. 2006; Loiseau et al. 2008). Incorporation of such allelic variation 
in the immune system, would therefore be a useful tool in understanding the co-
evolutionary nature of the interaction and the local adaptation process in this system.   
 
6.4 Coevolution to cospeciation: the role of dispersal 
Even though the role of dispersal is well-studied in microevolutionary studies of local 
adaptation, it remains relatively poorly studied in macroevolutionary studies of 
cospeciation (Clayton et al. 2004). The results presented in Chapter 5 revealed that there 
was significant congruence between the host and parasite phylogenies and I showed that 
this was could be attributed to the migratory habits of the host. Long-distance migrants 
harboured significantly fewer cospeciating parasites than residents and partial migrants.  
I suggested that this was due to the migrant hosts encountering two evolutionary distinct 
parasite faunas in Europe and Africa (Hellgren et al. 2007). Therefore, the immune 
system of the long-distance migrant host would have to adapt to two faunas, and 
possibly over macroevoultionary time, this may result in less cospeciation events than 
in the resident or partial migrant hosts that would encounter a single parasite fauna. 
Furthermore, as genetic lineage data becomes more readily available, for both the hosts 
and the parasites, such studies could be extended to incorporate other vector-borne 
parasites and their hosts. 
 
In the conclusions of Chapter 4, I mentioned that dispersal and host range probably 
played a key role in the lack of geographic structure in Leucocytozoa across Europe. 
Some of the lineages described in Chapter 4 (GE003, GE066, W043, W045 and C105) 
were not cospeciating with their tit hosts and were grouped in the phylogeny with 
parasites of Old World warblers. As there was no signal of cospeciation between the tits 
General Discussion                                                                                          Chapter 6  
 
 147 
and these parasites, it may be that these are not the main hosts, and could even be ‘spill-
overs’ from warbler parasites. If warblers are competent hosts to these parasites, then 
this could be why there is lack of phylogeographic structuring of parasites across 
Europe. Thus, this may have disrupted the evolution of distinct parasite faunas in 
different parts of the European range of blue and great tits.  
 
6.6 Future directions 
The work presented in this thesis has focused on the direct interaction of the avian host 
and its Leucocytozooan parasites. It is important to remember however, that this is not 
simply a two-way interaction, and that there is a potentially important role of the vector. 
A good example of the importance of vectors in the avian malaria system comes from 
the Hawaiian archipelago: up until the 19
th
 century, there were no competent vectors of 
avian malaria, but with the introduction of Culex quinquefasciatus (Fonseca et al. 2000; 
Ahumada et al. 2004; Beadell et al. 2006), this not only allowed the establishment of 
avian malaria, but also led to severe effects on the endemic Hawaiian avifauna, with 
marked reduction in the population sizes of several species of Hawaiian honeycreeper 
(van Riper Iii 1986; Atkinson et al. 1995; Beadell et al. 2006; Foster et al. 2007).  
 
Studies investigating the three-way interaction between parasites, vectors and their hosts 
are few and, thus far, have yielded mixed results (but see Malmqvist et al. 2004; 
Hellgren et al. 2008; Ishtiaq 2008). A large hurdle in our understanding of the three-way 
interaction is that vector trapping can often be difficult. Leucocytozoa spp. are 
transmitted by simuliid blackflies, small bodied biting flies that lay their eggs in fast 
flowing bodies of water; in theory at least, trapping them should be easy in close 
proximity to a fast-flowing stream or river. However, due to the dampness of such 
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areas, often by the time the traps are to be emptied, the blackflies have formed a 
sediment at the bottom of the trap (personal observation). An alternative method of 
trapping blackflies employs the use of a net fixed to the top of a car, with the car being 
driven slowly along the study site (Malmqvist et al. 2004; Hellgren et al. 2008). This 
method would not however allow detailed investigation at a single small-scale site, and 
is limited to where there is suitable road access. Furthermore, a recent study by Hellgren 
and colleagues (2008) showed that even in a large-scale study where thousands of 
blackflies were caught using the net/car method, only 200 samples had taken blood 
meals and of those, only 38 samples were found to be carry Leucocytozoan lineages. 
Therefore, it is clear that large sample sizes of flies need to be obtained, and that the 
current methods available, would make it difficult to conduct small-scale vector 
sampling projects.  
 
I would suggest that the single most important effect of vectors on host-parasite 
interactions, is their effect on the coevolutionary arms-race between parasites and their 
hosts. They could affect the coevolutionary process in three potential ways: (i) alter 
host-parasite specificity; (ii) affect habitat choice of the host during breeding (iii) 
promote dispersal; and (iv) promote or prevent cospeciation between hosts and 
parasites. In terms of affecting host specificity, two recent studies have investigated the 
three-way interaction between malaria parasites, vectors and hosts and have yielded 
different results. Hellgren and colleagues (2008) found broad evidence for vector 
specificity of Leucocytozoon lineages, vector specificity of hosts and host-parasite 
specificity. The authors of that study suggested that this could be mediated by the 
relatively strict feeding preferences  of the vector (Malmqvist 2004). In contrast, a 
recent study by Ishtiaq and colleagues (2008) showed that this was not the case between 
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Plasmodium lineages, mosquitoes and silver-eye, Zosterops spp, hosts in the Vanuatu 
and New Caledonian archipelagos. Here, the authors found that the parasites had very 
broad vector specificities, which in turn could alter the nature of the three-way 
interaction in this system.  
 
Vector presence could also affect habitat choices during breeding. It is possible that 
more successful birds select their territories to be further away from sites that have high 
vector densities, or high host aggregation, thus avoiding ecological competition with 
their conspecifics, but also new transmission events which could increase their risk of 
contracting more parasites and therefore the likelihood of mixed genotype infections 
(Ries 2003). Furthermore, seasonal variability could affect the vector population (Aron 
1982; Hay et al. 2000) and in turn, this could alter the prevalence and effects of 
parasites on the host in particular cohorts and years (Aron 1982). 
 
Vectors could also impact whether there will be phylogeographic structuring of 
parasites across broad geographic ranges. In Chapter 4, I suggested that a lack of 
genetic structuring in the Leucocytozooa across Europe may be due to dispersal of the 
vectors. Little data exists on the importance of vector dispersal (but see Crosskey 1990), 
which again is crucial to our understanding of whether genetic structuring, and thus the 
possibility of local adaptation and coevolution is possible in this system. Finally, the 
specificity of the vector-host interaction can also have impacts on macroevolutionary 
processes such as cospeciation. For example, Jakes and colleagues (2003) suggested 
that cospeciation may occur between parasites and vectors and not necessarily between 
vectors and their hosts, if they have catholic feeding preferences. This could have 
massive impacts on the process of diversification and therefore, it would be of great 
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interest to use analytical approaches to understand whether there is congruence between 
the trees of the three players in the interaction. The Leucocytozoa- blackfly association 
is difficult to study, due to the size of the vectors involved, so perhaps mosquito-borne 
parasites would be a logistically easier system to sample. 
 
6.7 Conclusion 
In this thesis, I describe my studies of Leucocytozoa parasites and their associated avian 
hosts. I demonstrate that these parasites had effects on breeding blue tits and that 
consideration of multiple lineage and individual lineage effects is important to our 
understanding of a prevalent group of parasites in host populations. I then showed that 
there was seasonal variability in prevalence of these parasites, and that once again, 
consideration of the individual lineages was important as there were complex dynamics 
which in turn could have impacts on ecological and evolutionary dynamics in this 
system. I also found that geographic variation was important and there was no genetic 
or geographic structuring of the parasites across a broad geographic scale in two 
sedentary blue and great tit hosts and that this may be mediated by broad host 
specificities of some of the parasites involved. Finally, I showed that host-parasite 
cospeciation does indeed occur in this host-parasite system, but that only 40% of the 
associations involved were significantly cospeciating. Where there was little evidence 
for cospeciation, this was associated with long-distance migration of the host, and this is 
the first time that this has been demonstrated in a system involving vertebrate hosts. 
Taken together, these results indicate an important role of diversity of infection, 
dispersal and scale of the analysis and future studies could benefit from an approach 
that includes rigorous sampling across seasons and locations, along with molecular 
identification of the parasites and analytical techniques. I conclude that areas of research 
General Discussion                                                                                          Chapter 6  
 
 151 
that may be profitable for future work include, quantification of the parasites involved, 
coupled with infection experiments, both in controlled and field environments, along 
with detailed studies of the host-vector and parasite-vector components of the 
interaction.
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Appendix 1 
 
Table A1.2 The alignment of all unique lineages sequenced, based on 477 bp of the cytb gene. Lineage IPARUS4 has already been identified in 
GENBANK and a chicken sequence, accession number DQ67825 is included, as an outgroup in the phylogeny presented in Chapter 4.  
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Figure A1.1 Chromatogram of a mixed infection. Arrows indicate the ‘double base calling’. In the first case, the dominant base, with the highest 
peak is a ‘C’, although an ‘A’ can also be detected. In the second, the dominant is an ‘A’, although the presence of a ‘G’ can also be detected as the 
smaller peak.  
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Appendix  2 
 
Table A2. 1 Genbank accession numbers for all host sequences 
 
 cytb C01 ND2 ND3 
Parus_caeruleus AF347961.1 NA NA NA 
Parus_major EU167009.1 EF515798.1 AY732642.1 NA 
Aphrastura_spinicauda AY998188.1 NA AY695004.1 AY695044.1 
Elaenia_albiceps NA EU232770.1 NA AY489517.1 
Turdus_falcklandii DQ910943.1 NA DQ911073.1 DQ911009.1 
Zonotrichia_capensis AF383023.1 AF383099.1 AF383139.1 NA 
Carduelis_barbata L77868.2 NA NA NA 
Curaeus_curaeus AF089020.1 NA AF109943.1 NA 
Troglodytes_aedon DQ415711.1 U91954.1 AY460233.1 NA 
Sephanoides_sephanoides U90116.1 NA U85720.1 NA 
Sicalis_luteola AF489893.1 NA NA NA 
Phrygilus_alaudinus EF529981.1 NA EF529867.1 NA 
Turdus_pelios DQ910978.1 NA DQ911104.1 DQ911043.1 
Tetrao_tetrix EF571183.1 NA AF222564.1 NA 
Fringilla_montifringilla DQ192024.1 AY666258.1 NA NA 
Phoenicurus_phoenicurus AF135050.1 NA NA NA 
Luscinia_svecica AY286395.1 DQ433777.1 NA NA 
Phylloscopus_trochilus DQ174583.1 NA AF407050.1 NA 
Lanius_collurio EF635033.1 NA NA AF076302.1 
Muscicapa_striata AJ299690.1 EF422240.1 DQ861967.1 NA 
Hippolais_icterina AJ004316.1 NA NA NA 
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 cytb C01 ND2 ND3 
Sylvia_borin AY124540.1 NA AY329437.1 NA 
Sylvia_atricapilla Z73494.2 NA DQ125994.1 NC_010228.1 
Saxicola_rubetra 
pers. comm 
Michael Wink NA NA NA 
Pycnonotus_barbatus NA NA DQ402232.1 DQ402293.1 
Tetrao_urogallus AB120132.1 NA AF222565.1 NA 
Turdus_pilaris DQ910980.1 NA DQ911105.1 DQ911045.1 
Loxia_curvirostra AY495386.1 AY666331.1 NA NA 
Sylvia_communis AJ534538.1 NA NA NA 
Passer_domesticus AY030117.1 DQ434705.1 EF449664.1 AY030163.1 
Grus_grus U27546.1 NA NA NA 
Bonasa_bonasia AF230165.1 EF515776.1 AF222539.1 NA 
Pternistis_squamatus AM236904.1 NA DQ768286.1 NA 
Fringilla_coelebs AY495389.1 NA AF407045.1 NA 
Turdus_viscivorus DQ910997.1 NA AY752354.1 DQ911062.1 
Ficedula_hypoleuca AJ299683.1 NA DQ674466.1 NA 
Euplectes_orix AM710244.1 NA AM709962.1 AM709920.1 
Ploceus_cucullatus AF290141.1 NA AF290104.1 NA 
Ploceus_velatus AY228078.1 NA NA NA 
Uraeginthus_bengalus AY495398.1 NA NA NA 
Zosterops_senegalensis AY352549.1 NA NA NA 
Camaroptera_brachyura DQ008498.1 NA AF407052.1 EU247912.1 
Nectarinia_senegalensis NA NA NA AY233999.1 
Euplectes_macrourus AM710240.1 NA AF407031.1 AM709918.1 
Sporopipes_frontalis NA NA AF407034.1 NA 
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 cytb C01 ND2 ND3 
Telophorus_sulfureopectus AF096456.1 NA AY529947.1 NA 
Carduelis_spinus DQ792778.1 NA NA NA 
Cistothorus_palustris AY352524.1 AY666554.1 NA NA 
Junco_hyemalis AF290161.1 DQ434618.1 AF407044.1 NA 
Jynx_torquilla AY940803.1 AY940782.1 DQ479151.1 NA 
Turdus_philomelos AY495411.1 NA DQ466886.1 DQ911042.1 
Anthus_trivialis U46775.1 NA NA NA 
 
 
Table A2.1 Genbank accession numbers for all parasite sequences. 
 
 Location Genbank Accession 
B25_2 Old World not yet submitted 
c103comp Old World not yet submitted 
c105comp Old World not yet submitted 
ChL1 New World EF153655 
ChL10 New World EF153663 
ChL11 New World EF153664 
ChL2 New World EF153656   
ChL3 New World EF153657 
ChL4 New World EF153658 
ChL5 New World EF153659 
ChL6 New World EF153660 
ChL7 New World EF153661 
ChL8 New World EF153662 
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 Location Genbank Accession 
ChL9 New World EF153663 
GE003comp Old World not yet submitted 
ge020comp Old World not yet submitted 
ge022comp Old World not yet submitted 
ge066comp Old World not yet submitted 
ge35 Old World not yet submitted 
h007COMP Old World not yet submitted 
h021comp Old World not yet submitted 
L_AFTRU1 Old World DQ847205 
L_AFTRU2 Old World DQ847206 
L_AFTRU3 Old World DQ847207 
L_BGR1 Old World DQ847253 
L_BGR2 Old World DQ847255 
L_BGR3 Old World DQ847254 
L_BRAM2 Old World AY393800 
L_BRAM3 Old World AY393803 
L_BT1 Old World AY393801 
L_BT2 Old World AY393802 
L_BT3 Old World AY393799 
L_BT4 Old World AY393797 
L_BT5 Old World AY393798 
L_BUL3 Old World DQ847208 
L_CAP1 Old World DQ847249 
L_CAP2 Old World DQ847252 
L_CAP3 Old World DQ847250 
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 Location Genbank Accession 
L_CAP4 Old World DQ847251 
L_CB1 Old World AY393804 
L_CWT8 Old World DQ847248 
L_gentili_P114 Old World DQ451437 
L_gentili_P128 Old World DQ451438 
L_gentili_P35 Old World DQ451435 
L_gentili_P76 Old World DQ451436 
L_GRUS1 Old World DQ847257 
L_HGR1 Old World DQ847256 
L_macleani Old World DQ676825 
L_majoris_DQ451439 Old World DQ451439 
L_MTUR1 Old World DQ847248 
L_MTUR2 Old World DQ847247 
L_PARUS4 Old World AY393795 
L_Parus7 Old World DQ847228 
L_PFC2 Old World DQ847217 
L_REB10 Old World DQ847222 
L_REB11 Old World DQ847223 
L_REB12 Old World DQ847227 
L_REB6 Old World DQ847209 
L_REB7 Old World DQ847218 
L_REB8 Old World DQ847219 
L_REB9 Old World DQ847224 
L_RECOB3 Old World DQ847221 
L_RS2 Old World DQ847229
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 Location Genbank Accession 
L_RS3 Old World DQ847230 
L_RS4 Old World DQ847231 
L_SBBS1 Old World DQ847212 
L_schoutedeni Old World DQ676824 
L_schoutedeni_DQ676823 Old World DQ676823 
L_SFC7 Old World DQ847233 
L_SFC8 Old World DQ847234 
L_Siskin2 Old World AY393796 
L_Smokies New World DQ810292 
L_Smokies12 New World DQ906004 
L_squamatus Old World DQ451432 
L_STUR1 Old World DQ847246 
L_SYBOR12 Old World DQ847211 
L_SYBOR20 Old World not yet submitted 
L_SYBOR22 Old World not yet submitted 
L_SYBOR23 Old World not yet submitted 
L_SYBOR24 Old World not yet submitted 
L_SYBOR25 Old World not yet submitted 
L_SYBOR26 Old World not yet submitted 
L_SYBOR27 Old World not yet submitted 
L_SYBOR6 Old World DQ847237 
L_SYBOR7 Old World DQ847238 
L_SYBOR8 Old World DQ847239 
L_TRPIP1 Old World DQ847213 
L_TRPIP2 Old World DQ847215 
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L_VIMWE2 Old World DQ847225 
L_WCH2 Old World DQ847240 
L_WW6 Old World DQ847210 
L_YMWD1 Old World DQ847220 
L_YMWD2 Old World DQ847226 
np083 Old World not submitted 
w019comp Old World not submitted 
W043comp Old World not submitted 
W045comp Old World not submitted 
 
  
 
Appendix 2 
 178 
Table A2.3 Host parasite associations and main dataframe analysed in this thesis 
 
Parasite Host Family Passerine Location_region Migration 
B25_2 Parus_caeruleus Paridae 1 O resident 
c103comp Parus_caeruleus Paridae 1 O resident 
c103comp Parus_major Paridae 1 O resident 
c105comp Parus_caeruleus Paridae 1 O resident 
c105comp Parus_major Paridae 1 O resident 
ChL1 Aphrastura_spinicauda Furnaridae 1 N resident 
ChL1 Elaenia_albiceps Tyrranidae 1 N partial migrant 
ChL10 Turdus_falcklandii Muscicapidae 1 N resident 
ChL11 Zonotrichia_capensis Fringillidae 1 N resident 
ChL2 Aphrastura_spinicauda Furnaridae 1 N resident 
ChL2 Carduelis_barbata Fringillidae 1 N resident 
ChL2 Curaeus_curaeus Fringillidae 1 N resident 
ChL2 Troglodytes_aedon Certhiidae 1 N resident 
ChL2 Zonotrichia_capensis Fringillidae 1 N resident 
ChL3 Aphrastura_spinicauda Furnaridae 1 N resident 
ChL3 Carduelis_barbata Fringillidae 1 N resident 
ChL3 Zonotrichia_capensis Fringillidae 1 N resident 
ChL3 Zonotrichia_capensis Fringillidae 1 N resident 
ChL4 Turdus_falcklandii Muscicapidae 1 N resident 
ChL5 Sephanoides_sephanoides Trochilidae 0 N migrant 
ChL6 Sicalis_luteola Thraupidae 1 N migrant 
ChL7 Phrygilus_alaudinus Fringillidae 1 N resident 
ChL8 Zonotrichia_capensis Fringillidae 1 N resident 
ChL9 Turdus_falcklandii Muscicapidae 1 N resident 
GE003comp Parus_major Paridae 1 O resident 
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Parasite Host Family Passerine Location_region Migration 
ge020comp Parus_major Paridae 1 O resident 
ge022comp Parus_caeruleus Paridae 1 O resident 
ge066comp Parus_caeruleus Paridae 1 O resident 
ge066comp Parus_major Paridae 1 O resident 
ge35 Parus_major Paridae 1 O resident 
h007COMP Parus_major Paridae 1 O resident 
h021comp Parus_caeruleus Paridae 1 O resident 
L_AFTRU1 Turdus_pelios Muscicapidae 1 O resident 
L_AFTRU2 Turdus_pelios Muscicapidae 1 O resident 
L_AFTRU3 Turdus_pelios Muscicapidae 1 O resident 
L_BGR1 Tetrao_tetrix Phasianidae 0 O resident 
L_BGR2 Tetrao_tetrix Phasianidae 0 O resident 
L_BGR3 Tetrao_tetrix Phasianidae 0 O resident 
L_BRAM2 Fringilla_montifringilla Fringillidae 1 O migrant 
L_BRAM3 Fringilla_montifringilla Fringillidae 1 O migrant 
L_BT1 Luscinia_svecica Muscicapidae 1 O migrant 
L_BT1 Luscinia_svecica Muscicapidae 1 O migrant 
L_BT1 Phoenicurus_phoenicurus Muscicapidae 1 O migrant 
L_BT2 Hippolais_icterina Sylviidae 1 O migrant 
L_BT2 Lanius_collurio Laniidae 1 O migrant 
L_BT2 Luscinia_svecica Muscicapidae 1 O migrant 
L_BT2 Muscicapa_striata Muscicapidae 1 O migrant 
L_BT2 Phoenicurus_phoenicurus Muscicapidae 1 O migrant 
L_BT2 Phylloscopus_trochilus Phylloscopidae 1 O migrant 
L_BT2 Saxicola_rubetra Muscicapidae 1 O migrant 
L_BT2 Sylvia_atricapilla Sylviidae 1 O partial migran 
L_BT2 Sylvia_borin Sylviidae 1 O migrant 
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Parasite Host Family Passerine Location_region Migration 
L_BT2 Sylvia_borin Sylviidae 1 O migrant 
L_BT2 Sylvia_borin Sylviidae 1 O migrant 
L_BT3 Luscinia_svecica Muscicapidae 1 O migrant 
L_BT4 Luscinia_svecica Muscicapidae 1 O migrant 
L_BT5 Lanius_collurio Laniidae 1 O migrant 
L_BT5 Luscinia_svecica Muscicapidae 1 O migrant 
L_BUL3 Pycnonotus_barbatus Pycnonotidae 1 O resident 
L_CAP1 Phylloscopus_trochilus Phylloscopidae 1 O migrant 
L_CAP1 Tetrao_tetrix Phasianidae 0 O resident 
L_CAP1 Tetrao_urogallus Phasianidae 0 O resident 
L_CAP2 Tetrao_urogallus Phasianidae 0 O resident 
L_CAP3 Tetrao_tetrix Phasianidae 0 O resident 
L_CAP3 Tetrao_urogallus Phasianidae 0 O resident 
L_CAP3 Turdus_pilaris Muscicapidae 1 O migrant 
L_CAP4 Tetrao_urogallus Phasianidae 0 O resident 
L_CB1 Loxia_curvirostra Fringillidae 1 O resident 
L_CWT8 Sylvia_communis Sylviidae 1 O migrant 
L_gentili_P114 Passer_domesticus Passeridae 1 O resident 
L_gentili_P128 Passer_domesticus Passeridae 1 O resident 
L_gentili_P35 Passer_domesticus Passeridae 1 O resident 
L_gentili_P35 Passer_domesticus Passeridae 1 O resident 
L_gentili_P76 Luscinia_svecica Muscicapidae 1 O migrant 
L_GRUS1 Grus_grus Gruidae 0 O migrant 
L_HGR1 Bonasa_bonasia Phasianidae 0 O resident 
L_macleani Pternistis_squamatus Phasianidae 0 O resident 
L_majoris_DQ451439 Fringilla_coelebs Fringillidae 1 O partial migrant 
L_MTUR1 Turdus_viscivorus Muscicapidae 1 O partial migrant 
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Parasite Host Family Passerine Location_region Migration 
L_MTUR2 Turdus_viscivorus Muscicapidae 1 O partial migrant 
L_PARUS4 Parus_caeruleus Paridae 1 O resident 
L_PARUS4 Parus_major Paridae 1 O resident 
L_Parus7 Parus_major Paridae 1 O resident 
L_PFC2 Ficedula_hypoleuca Muscicapidae 1 O migrant 
L_REB10 Euplectes_orix Ploceidae 1 O partial migrant 
L_REB10 Ploceus_cucullatus Ploceidae 1 O partial migrant 
L_REB11 Camaroptera_brachyura Cisticolidae 1 O resident 
L_REB11 Euplectes_orix Ploceidae 1 O partial migrant 
L_REB11 Ploceus_cucullatus Ploceidae 1 O partial migrant 
L_REB11 Ploceus_velatus Ploceidae 1 O partial migrant 
L_REB11 Uraeginthus_bengalus Ploceidae 1 O resident 
L_REB11 Zosterops_senegalensis Zosteropidae 1 O resident 
L_REB12 Euplectes_orix Ploceidae 1 O partial migrant 
L_REB6 Euplectes_orix Ploceidae 1 O partial migrant 
L_REB6 Nectarinia_senegalensis Nectariniidae 1 O partial migrant 
L_REB6 Ploceus_cucullatus Ploceidae 1 O partial migrant 
L_REB6 Ploceus_velatus Ploceidae 1 O partial migrant 
L_REB7 Euplectes_orix Ploceidae 1 O partial migrant 
L_REB7 Saxicola_rubetra Muscicapidae 1 O migrant 
L_REB8 Euplectes_macrourus Ploceidae 1 O resident 
L_REB8 Euplectes_orix Ploceidae 1 O partial migrant 
L_REB8 Sporopipes_frontalis Thraupidae 1 O partial migrant 
L_REB9 Euplectes_orix Ploceidae 1 O partial migrant 
L_RECOB3 Sylvia_borin Sylviidae 1 O migrant 
L_RECOB3 Uraeginthus_bengalus Ploceidae 1 O resident 
L_RS2 Phoenicurus_phoenicurus Muscicapidae 1 O migrant 
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Parasite Host Family Passerine Location_region Migration 
L_RS3 Phoenicurus_phoenicurus Muscicapidae 1 O migrant 
L_RS3 Sylvia_borin Sylviidae 1 O migrant 
L_RS4 Phoenicurus_phoenicurus Muscicapidae 1 O migrant 
L_RS4 Sylvia_atricapilla Sylviidae 1 O partial migrant 
L_SBBS1 Telophorus_sulfureopectus Corvidae 1 O partial migrant 
L_schoutedeni Gallus_gallus Phasianidae 0 O na 
L_schoutedeni_DQ676823 Gallus_gallus Phasianidae 0 O na 
L_SFC7 Muscicapa_striata Muscicapidae 1 O migrant 
L_SFC8 Muscicapa_striata Muscicapidae 1 O migrant 
L_Siskin2 Carduelis_spinus Fringillidae 1 O partial migrant 
L_Smokies Cistothorus_palustris Certhiidae 1 N resident 
L_Smokies12 Junco_hyemalis Fringillidae 1 N partial migrant 
L_squamatus Jynx_torquilla Picidae/Jynginae 0 O migrant 
L_STUR1 Turdus_philomelos Muscicapidae 1 O migrant 
L_SYBOR12 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR20 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR22 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR23 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR24 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR25 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR26 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR27 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR6 Ficedula_hypoleuca Muscicapidae 1 O migrant 
L_SYBOR6 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR6 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR6 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR7 Sylvia_borin Sylviidae 1 O migrant 
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Parasite Host Family Passerine Location_region Migration 
L_SYBOR7 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR7 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR8 Sylvia_borin Sylviidae 1 O migrant 
L_SYBOR8 Sylvia_borin Sylviidae 1 O migrant 
L_TRPIP1 Anthus_trivialis Motacillidae 1 O migrant 
L_TRPIP2 Anthus_trivialis Motacillidae 1 O migrant 
L_VIMWE2 Ploceus_velatus Ploceidae 1 O partial migrant 
L_WCH2 Saxicola_rubetra Muscicapidae 1 O migrant 
L_WW6 Phylloscopus_trochilus Phylloscopidae 1 O migrant 
L_WW6 Sylvia_borin Sylviidae 1 O migrant 
L_YMWD1 Euplectes_macrourus Ploceidae 1 O resident 
L_YMWD1 Nectarinia_senegalensis Nectariniidae 1 O partial migrant 
L_YMWD2 Euplectes_macrourus Ploceidae 1 O resident 
np083 Parus_caeruleus Paridae 1 O resident 
w019comp Parus_caeruleus Paridae 1 O resident 
W043comp Parus_caeruleus Paridae 1 O resident 
W045comp Parus_caeruleus Paridae 1 O resident 
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Table A2.4  Summary statistics of the global trace. p-values on 25 randomly selected host-parasite combinations. The number of links positive in 
each run are also noted. 
 
 
 
 Global 
 
Global passerine Old World Old World passerine 
host 
tree 
parasite 
tree 
parafit 
global 
p no.links 
positive 
parafit 
global 
p no.links  
positive 
parafit 
global 
p no.links 
positive 
para_global p no.links 
positive 
98 25 3.96 0.001 61 0.86 0.001 41 3.65 0.001 40 0.70 0.003 39 
71 61 2.17 0.001 60 0.52 0.001 50 1.99 0.001 54 0.39 0.002 41 
41 73 2.94 0.001 65 0.97 0.001 65 2.71 0.001 52 0.77 0.001 50 
12 9 3.11 0.001 58 0.67 0.001 50 2.86 0.001 49 0.49 0.001 41 
65 40 3.91 0.001 61 0.92 0.001 47 3.54 0.001 58 0.73 0.001 43 
73 16 3.74 0.001 58 0.60 0.005 41 3.66 0.001 55 0.39 0.003 42 
61 5 3.97 0.001 59 0.92 0.001 52 3.57 0.001 51 0.66 0.004 44 
10 72 3.54 0.001 59 1.05 0.001 48 3.37 0.001 50 0.76 0.001 40 
31 15 2.98 0.001 60 0.77 0.001 54 2.78 0.001 52 0.56 0.001 47 
58 11 3.81 0.001 60 0.70 0.002 45 3.52 0.001 52 0.56 0.001 42 
3 30 4.64 0.001 61 0.95 0.001 47 4.27 0.001 51 0.70 0.001 41 
99 48 4.63 0.001 49 1.23 0.001 46 4.31 0.001 43 0.92 0.001 38 
8 55 2.58 0.001 64 0.64 0.001 54 2.30 0.001 52 0.43 0.001 43 
23 88 4.34 0.001 66 1.20 0.001 56 3.97 0.001 56 0.94 0.001 42 
55 27 4.35 0.001 59 1.13 0.001 58 3.99 0.001 52 0.86 0.001 43 
2 93 2.44 0.001 61 0.52 0.001 47 2.21 0.001 52 0.35 0.001 38 
72 58 3.42 0.001 60 0.68 0.003 41 3.13 0.001 52 0.52 0.001 40 
74 18 1.98 0.001 60 0.49 0.001 46 1.85 0.001 50 0.37 0.002 42 
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 Global 
 
Global passerine Old World Old World passerine 
host 
tree 
parasite 
tree 
parafit 
global 
p no.links 
positive 
parafit 
global 
p no.links  
positive 
parafit 
global 
p no.links 
positive 
para_global p no.links 
positive 
82 39 5.54 0.001 60 1.22 0.002 48 5.01 0.001 52 0.99 0.003 44 
53 63 3.35 0.001 59 0.81 0.001 45 3.08 0.001 50 0.59 0.001 41 
84 14 2.22 0.001 60 0.66 0.001 54 2.05 0.001 55 0.50 0.001 45 
35 98 2.85 0.001 62 0.75 0.001 55 2.59 0.001 58 0.60 0.001 45 
51 68 5.21 0.001 65 2.00 0.001 68 4.72 0.001 60 1.68 0.001 54 
89 57 1.75 0.001 58 0.46 0.001 48 1.65 0.001 51 0.33 0.001 41 
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Table A2.5 Significance of each host-parasite link. P-value indicates whether each link contributes to the overall global trace statistic 
significantly more so than expected by chance 
 
Parasite Host global   
global 
passerine 
Old 
world    
Old World 
passerine 
B25_2 Parus caeruleus 0.014 * 0.003 ** 0.018 * 0.001 ** 
c103comp Parus major 0.013 * 0.003 ** 0.017 * 0.001 ** 
c103comp Parus caeruleus 0.011 * 0.004 ** 0.013 * 0.001 ** 
c105comp Parus major 0.222  0.986  0.219  0.996  
c105comp Parus caeruleus 0.216  0.988  0.203  0.995  
ChL1 Aphrastura spinicauda 0.440  0.003 ** NA  NA  
ChL1 Elaenia albiceps 0.765  0.006 ** NA  NA  
ChL10 Turdus falcklandii 0.283  0.990  NA  NA  
ChL11 Zonotrichia capensis 0.032 * 0.054 * NA  NA  
ChL2 Aphrastura spinicauda 0.441  0.002 ** NA  NA  
ChL2 Carduelis barbata 0.030 * 0.041 * NA  NA  
ChL2 Curaeus curaeus 0.031 * 0.045 * NA  NA  
ChL2 Zonotrichia capensis 0.028 * 0.047 * NA  NA  
ChL2 Troglodytes aedon 0.213  0.942  NA  NA  
ChL3 Aphrastura spinicauda 0.425  0.003 ** NA  NA  
ChL3 Carduelis barbata 0.032 * 0.048 * NA  NA  
ChL3 Zonotrichia capensis 0.033 * 0.051 * NA  NA  
ChL4 Turdus falcklandii 0.935  0.026 * NA  NA  
ChL5 Sephanoides sephanoides 0.001 * NA  NA  NA  
ChL6 Sicalis luteola 0.988  0.875  NA  NA  
ChL7 Phrygilus alaudinus 0.033 * 0.056 . NA  NA  
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Parasite Host global   
global 
passerine 
Old 
world    
Old World 
passerine 
ChL8 Zonotrichia capensis 0.988  0.887  NA  NA  
ChL9 Turdus falcklandii 0.182  0.774  NA  NA  
GE003comp Parus major 0.791  0.213  0.883  0.302  
ge020comp Parus major 0.016 * 0.005 ** 0.019 * 0.001 ** 
ge022comp Parus caeruleus 0.015 * 0.004 ** 0.017 * 0.001 ** 
ge066comp Parus caeruleus 0.825  0.213  0.877  0.309  
ge066comp Parus major 0.808  0.217  0.868  0.298  
ge35 Parus major 0.014 * 0.004 ** 0.018 * 0.001 ** 
h007COMP Parus major 0.016 * 0.005 ** 0.019 * 0.001 ** 
h021comp Parus caeruleus 0.015 * 0.003 ** 0.017 * 0.001 ** 
L_AFTRU1 Turdus pelios 0.536  0.010 * 0.582  0.002 ** 
L_AFTRU2 Turdus pelios 0.465  0.013 * 0.466  0.002 ** 
L_AFTRU3 Turdus pelios 0.461  0.011 * 0.492  0.002 ** 
L_BGR1 Tetrao tetrix 0.001 * NA  0.001 ** NA  
L_BGR2 Tetrao tetrix 0.001 * NA  0.001 ** NA  
L_BGR3 Tetrao tetrix 0.001 * NA  0.001 ** NA  
L_BRAM2 Fringilla montifringilla 0.029 * 0.038 * 0.032 * 0.016 * 
L_BRAM3 Fringilla montifringilla 0.029 * 0.042 * 0.034 * 0.017 * 
L_BT1 Phoenicurus phoenicurus 0.133  0.895  0.062  0.610  
L_BT1 Luscinia svecica 0.171  0.953  0.092  0.786  
L_BT2 Phylloscopus trochilus 0.462  0.030 * 0.560  0.040 * 
L_BT2 Lanius collurio 0.470  0.037 * 0.588  0.044 * 
L_BT2 Muscicapa striata 0.731  0.065 . 0.802  0.123  
L_BT2 Luscinia svecica 0.739  0.067 . 0.814  0.127  
L_BT2 Hippolais icterina 0.618  0.068 . 0.696  0.147  
L_BT2 Sylvia borin 0.773  0.115  0.844  0.237  
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Parasite Host global   
global 
passerine 
Old 
world    
Old World 
passerine 
L_BT2 Sylvia atricapilla 0.742  0.119  0.838  0.210  
L_BT2 Saxicola rubetra 0.790  0.126  0.830  0.203  
L_BT2 Phoenicurus phoenicurus 0.816  0.144  0.874  0.227  
L_BT3 Luscinia svecica 0.788  0.104  0.856  0.192  
L_BT4 Luscinia svecica 0.176  0.960  0.086  0.800  
L_BT5 Lanius collurio 0.487  0.040 * 0.593  0.060  
L_BT5 Luscinia svecica 0.738  0.075 . 0.817  0.144  
L_BUL3 Pycnonotus barbatus 0.251  0.949  0.155  0.871  
L_CAP1 Phylloscopus trochilus 0.981  0.116  0.982  0.104  
L_CAP1 Tetrao tetrix 0.001 ** NA  0.001 ** NA  
L_CAP1 Tetrao urogallus 0.001 ** NA  0.001 ** NA  
L_CAP2 Tetrao urogallus 0.001 ** NA  0.001 ** NA  
L_CAP3 Turdus pilaris 0.979  0.034 * 0.983  0.021 * 
L_CAP3 Tetrao tetrix 0.001 ** NA  0.001 ** NA  
L_CAP3 Tetrao urogallus 0.001 ** NA  0.001 ** NA  
L_CAP4 Tetrao urogallus 0.001 ** NA  0.001 ** NA  
L_CB1 Loxia curvirostra 0.033 * 0.053 * 0.041 * 0.080 . 
L_CWT8 Sylvia communis 0.749  0.124  0.819  0.224  
L_gentili_P114 Passer domesticus 0.029 * 0.047 * 0.029 * 0.025 * 
L_gentili_P128 Passer domesticus 0.029 * 0.058 . 0.029 * 0.024 * 
L_gentili_P35 Passer domesticus 0.028 * 0.050 * 0.030 * 0.022 * 
L_gentili_P76 Luscinia svecica 0.194  0.981  0.157  0.988  
L_GRUS1 Grus grus 0.002 * NA  0.003 ** NA  
L_HGR1 Bonasa bonasia 0.001 * NA  0.001 ** NA  
L_macleani Pternistis squamatus 0.001 * NA  0.001 ** NA  
L_majoris_DQ451439 Fringilla coelebs 0.029 * 0.035 * 0.035 * 0.014 * 
  
 
Appendix 2 
 189 
Parasite Host global   
global 
passerine 
Old 
world    
Old World 
passerine 
L_MTUR1 Turdus viscivorus 0.652  0.012 * 0.622  0.003 ** 
L_MTUR2 Turdus viscivorus 0.257  0.982  0.163  0.938  
L_PARUS4 Parus major 0.015 * 0.004 ** 0.018 * 0.001 ** 
L_PARUS4 Parus caeruleus 0.014 * 0.005 ** 0.016 * 0.001 ** 
L_Parus7 Parus major 0.805  0.202  0.875  0.304  
L_PFC2 Ficedula hypoleuca 0.139  0.951  0.096  0.927  
L_REB10 Euplectes orix 0.016 * 0.008 ** 0.017 * 0.001 ** 
L_REB10 Ploceus cucullatus 0.020 * 0.015 * 0.020 * 0.002 ** 
L_REB11 Euplectes orix 0.017 * 0.010 * 0.017 * 0.001 ** 
L_REB11 Ploceus cucullatus 0.020 * 0.012 * 0.017 * 0.002 ** 
L_REB11 Ploceus velatus 0.017 * 0.013 * 0.020 * 0.002 ** 
L_REB11 Uraeginthus bengalus 0.031 * 0.053 * 0.029 * 0.024 * 
L_REB11 Zosterops senegalensis 0.077  0.729  0.069  0.718  
L_REB11 Camaroptera brachyura 0.123  0.826  0.114  0.842  
L_REB12 Euplectes orix 0.019 * 0.009 ** 0.016 * 0.001 ** 
L_REB6 Nectarinia senegalensis 0.977  0.971  0.968  0.980  
L_REB6 Ploceus cucullatus 0.979  0.979  0.979  0.995  
L_REB6 Ploceus velatus 0.978  0.981  0.974  0.995  
L_REB6 Euplectes orix 0.981  0.989  0.978  0.999  
L_REB7 Euplectes orix 0.017 * 0.009 ** 0.017 * 0.001 ** 
L_REB7 Saxicola rubetra 0.153  0.963  0.104  0.955  
L_REB8 Euplectes macrourus 0.017 * 0.010 * 0.019 * 0.001 ** 
L_REB8 Euplectes orix 0.017 * 0.011 * 0.017 * 0.001 ** 
L_REB8 Sporopipes frontalis 0.024 * 0.023 * 0.020 * 0.008 ** 
L_REB9 Euplectes orix 0.018 * 0.010 * 0.020 * 0.001 ** 
L_RECOB3 Uraeginthus bengalus 0.033 * 0.065 . 0.032 * 0.034 * 
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Parasite Host global   
global 
passerine 
Old 
world    
Old World 
passerine 
L_RECOB3 Sylvia borin 0.063  0.683  0.060  0.709  
L_RS2 Phoenicurus phoenicurus 0.128  0.892  0.069  0.623  
L_RS3 Phoenicurus phoenicurus 0.126  0.889  0.072  0.605  
L_RS3 Sylvia borin 0.247  0.988  0.159  0.984  
L_RS4 Sylvia atricapilla 0.070  0.765  0.065  0.783  
L_RS4 Phoenicurus phoenicurus 0.160  0.966  0.126  0.968  
L_SBBS1 Telophorus sulfureopectus 0.815  0.279  0.857  0.360  
L_schoutedeni Gallus gallus 0.001 ** NA  0.001 ** NA  
L_schoutedeni_DQ676823 Gallus gallus 0.001 ** NA  0.001 ** NA  
L_SFC7 Muscicapa striata 0.187  0.978  0.142  0.976  
L_SFC8 Muscicapa striata 0.799  0.108  0.824  0.185  
L_Siskin2 Carduelis spinus 0.976  0.980  0.971  0.985  
L_Smokies Cistothorus palustris 0.969  0.250  NA  NA  
L_Smokies12 Junco hyemalis 0.988  0.869  NA  NA  
L_squamatus Jynx torquilla 0.037 * NA  0.035 * NA  
L_STUR1 Turdus philomelos 0.940  0.027 * 0.971  0.025 * 
L_SYBOR12 Sylvia borin 0.810  0.148  0.884  0.268  
L_SYBOR20 Sylvia borin 0.061  0.691  0.059  0.707  
L_SYBOR22 Sylvia borin 0.066  0.689  0.060  0.714  
L_SYBOR23 Sylvia borin 0.865  0.189  0.913  0.291  
L_SYBOR24 Sylvia borin 0.801  0.147  0.874  0.252  
L_SYBOR25 Sylvia borin 0.063  0.724  0.061  0.734  
L_SYBOR26 Sylvia borin 0.060  0.711  0.063  0.731  
L_SYBOR27 Sylvia borin 0.060  0.688  0.060  0.712  
L_SYBOR6 Sylvia borin 0.064  0.684  0.057  0.716  
L_SYBOR6 Ficedula hypoleuca 0.148  0.963  0.112  0.951  
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Parasite Host global   
global 
passerine 
Old 
world    
Old World 
passerine 
L_SYBOR7 Sylvia borin 0.197  0.979  0.168  0.971  
L_SYBOR8 Sylvia borin 0.062  0.728  0.062  0.724  
L_TRPIP1 Anthus trivialis 0.978  0.957  0.975  0.970  
L_TRPIP2 Anthus trivialis 0.038 * 0.085 . 0.041 * 0.090  
L_VIMWE2 Ploceus velatus 0.019 * 0.013 * 0.021 * 0.002 ** 
L_WCH2 Saxicola rubetra 0.142  0.958  0.103  0.935  
L_WW6 Phylloscopus trochilus 0.545  0.061 . 0.640  0.073  
L_WW6 Sylvia borin 0.800  0.131  0.884  0.249  
L_YMWD1 Euplectes macrourus 0.017 * 0.010 * 0.018 * 0.001 ** 
L_YMWD1 Nectarinia senegalensis 0.027 * 0.023 * 0.029 * 0.026 * 
L_YMWD2 Euplectes macrourus 0.018 * 0.009 ** 0.020 * 0.001 ** 
np083 Parus caeruleus 0.017 * 0.004 ** 0.015 * 0.001 ** 
w019comp Parus caeruleus 0.016 * 0.004 ** 0.016 * 0.001 ** 
W043comp Parus caeruleus 0.820  0.205  0.881  0.340  
W045comp Parus caeruleus 0.826   0.208   0.898   0.312   
 
